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FRACTIONATION I N  SURFACE BURSTS 

Edward C. Frei l ing 
U. S. Naval Radiological Defense Laboratory 

San Francisco, California 

Ab s t  rac t 

A description i s  presented of a combination of A. D. Anderson's Dynamic 
Fallout Model (NRDL-D Model) with C. F. Miller 's  thermodynamic model of 
f ract ionat ion which will be used t o  account f o r  f ract ionat ion i n  f a l lou t  
predictions. Weaknesses of the method a re  pointed out. Data required 
f o r  t e s t ing  the  model (both from laboratory experiments and nuclear 
detonations), and f o r  achieving more meaningful documentation of future  
nuclear bursts,  are discussed. 

. 
Introduction 

* 
A t  NRDL we are carrying out a project  suppo-rted by the  Atomic Energy 
Commission under the  general supervision of t he  Fallout Studies Branch 
of the  Division of Biology and Medicine en t i t l ed :  
Distr ibut ion and Characterist ics of Nuclear Gebris." The objective of 
t h i s  project  i s  t o  develop a generalized f a l lou t  model capable of quan- 
t i t a t i v e l y  predict ing the  formation and composition of nuclear bomb debris 
and i t s  pa r t i t i on  between stratospheric,  tropospheric and l o c a l  f a l lou t .  
We are  carrying out t h i s  project  i n  two concurrent phases. The f i rs t  
phase i s  designed t o  produce short-range r e su l t s  and the second phase 
i s  oriented towards long-term progress. 
with the short-range phase and the following paper (Page 47 ) on a i r  

"The Formation, 

The present paper i s  concerned 

* U. S. Naval Radiological Defense Laboratory, San Francisco, California. 
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burs t  f ract ionat ion is  concerned with the long-range phase. 
for tunate  i n  having the  opportunity t o  describe t h i s  work a t  such an 
ea r ly  stage of development 
comments, which we earnest ly  s o l i c i t .  

We are 

and the  concomitant advantage of conferees' 

I n  the  present paper I w i l l  describe our e f f o r t s  t o  es tabl ish a conputer 
program t o  calculate f a l lou t  pa t te rns  which account f o r  the  phenomena of 
fractionation. Fractionation i s  defined as any process which causes the  
radionuclide composition of a sample of nuclear debris t o  be unrepresen- 
t a t i v e  of t h e  debris taken as a whole, and t h e  subject has been t rea ted  
i n  d e t a i l  elsewhere. (1) The manner of accounting f o r  f ract ionat ion 
consis ts  ess n t i a l l y  of a union of the  NRDL dynamic f a l lou t  model of 
A n d e r ~ o n ( ~ ' 5 ~  with the thermodynamic model of f ract ionat ion devised by 
Miller. * 
This paper i s  divided in to  f i v e  par ts .  Part  1 describes the  fract ionat ion 
model, Par t  2 describes the  f a l lou t  model, Part  3 describes the adaptation 
of the  fract ionat ion model t o  the f a l l o u t  model, Par t  4 discusses means 
of t e s t i n g  the resu l t s ,  and Part 5 describes data re la t ing  t o  t h i s  part  
of the program which should be obtained i n  the  event that  future  land 
surface burs t s  occur. 

It i s  intended t o  devise the  computer program i n  a compartmented fashion 
i n  order tha t  t he  various p a r t s  can be revised as new developments i n  
theory and experimental data become available.  Revision i s  a continuing 
process and t h e  description given here may w e l l  be p a r t i a l l y  obsolete by 
the  time of publication. 

Par t  I. The Miller Thermodynamic Model of Fractionation 

The Miller thermodynamic model of f ract ionat ion can be outlined b r i e f l y  
as follows: F i r s t ,  there  i s  described an ideal ized ca r r i e r  material 
with thermodynamic and chemical propert ies  similar t o  the  s o i l  which i s  
t o  be drawn in to  the f i r e b a l l ,  but idealized t o  the  point where there 
i s  no chemical interact ion between the  ca r r i e r  material and any of the 
radioactive products of t he  detonation. Secondly, the  energy of the  
nuclear detonation i s  accounted f o r  i n  as reasonable a manner as possible 
and the  f rac t ion  of t h a t  energy which goes in to  vaporizing and melting 
the  ideal ized c a r r i e r  material i s  calculated. 
condenses, it and the  melted s o i l  are considered as one s ingle  phase i n  
equilibrium with a vapor phase. The vapor phase consists of a i r  and 
uncondensed radionuclides. - I t s  volume i s  taken as the  maximum volume 
of the  f i reba l l  and i t s  temperature as t h a t  of t he  idealized ca r r i e r  
mater ia l  a t  i t s  melting point. The time a t  which t h i s  temperature i s  

When the  vaporized s o i l  

* Additional work on t h i s  model, described i n  USNRDL-TR-425, i s  being 
car r ied  out by C. F. Miller. 
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reached i s  calculated from scaling l a w s ,  and the  elemental d i s t r ibu t ion  
of the mass chains of the  f i s s ion  fragments and the other product 
nuclides a t  t h i s  t i m e  i s  determined from known and estimated f i s s ion  
y ie ld  and decay relationships,  The dis t r ibut ion of each product element 
between the  l i qu id  and vapor phases i s  then calculated according t o  
Raoult's Law. The idealized ca r r i e r  than so l id i f ies ,  freezing i n  the 
trapped radionuclides. This point marks the  end of t he  f i rs t  period of' 
condensation. The second period of condensation treats the deposition 
of  those product nuclides s t i l l  i n  the  vapor phase upon the  frozen s o i l  
par t ic les .  Some suggestions were offered by Miller as t o  how such a 
deposition might be accounted for,  but t he  ac tua l  calculations were 
never carr ied out. According t o  t h i s  model the  fract ionat ion i s  now 
seen t o  r e su l t  from two sources. The f i rs t  source i s  the  separation 
of pa r t i c l e s  from the  cloud before the  second stage of condensation has 
occurred. These pa r t i c l e s  will contain normal quant i t ies  of refractory 
elements but will be depleted i n  vo la t i l e  elements. With regard t o  
those pa r t i c l e s  which remain i n  the cloud dxring the second stage of 
condensation, another type of f ract ionat ion occurs. Here those product 
elements which dissolved i n  the  pa r t i c l e s  up t o  the  time of so l id i f ica t ion  
will have been dis t r ibuted throughout t he  pa r t i c l e s  i n  proportion t o  the  
pa r t i c l e  volume, whereas those elements which condensed a f t e r  so l id i f i -  
cation w i l l  have dis t r ibuted themselves among the pa r t i c l e s  i n  accordance 
with the  available surface. In the  remainder of t h i s  section the afore- 
mentioned processes will be described i n  greater  d e t a i l  and the defects 
of t he  model will. be discussed i n  a later section. It should be s t a t ed  
t h a t  Miller was well aware of the inadequacies of t h i s  approach but f o r  
lack of time and sui table  experimental data was unable t o  carry h i s  
calculations t o  a higher degree of refinement. 

The properties chosen f o r  the  idealized ca r r i e r  material a re  as close 
as p rac t i ca l  t o  those of anorthoclase (Na2O.Al203.6SiO2). 
reactive towards the f i s s ion  product elements and t h e i r  oxides and 
dissolves the  elements as stable oxides. 
a t  which temgerature i t s  vapor pressure i s  negligible. 
weight i s  524 and the  entropy of fusion i s  29 cal./mole degrees. 
heat of fusion i s  48,000 cal./mole, the  dissociation energy i s  3,370,000 
cal./mole and the  heat capacity i s  such t h a t  200,000 cal../mole a re  
required t o  r a i se  the  temperature-of t h e ' s o i l  from 298% t o  i t s  melting 
point. 

The discussion of the  parti$ion-of..burst energy which follows i s  based 
upon the  considerations outlined. @y Miller. -* It .differs, however, t o  
the  extent to-which newathemnodynamic data-,and scal ing relat ionships  
have been incorporated into- the- treatment sj.nce- the. i n i 2 i a l  appearance 
of h i s  work. 
manner i n  which the  energy o f ' t h e  burst  has been dis t r ibuted a t  the  
time of the f i n a l  temperature maximum i s  calculated. The energy i s  
considered t o  be dis t r ibuted between nucleai- radiation, thermal 
radiation, b l a s t  and shock, and the  in t e rna l  energy of t he  f i r e b a l l .  
The d is t r ibu t ion  i s  shown schematically i n  Fig. 1. 

It i s  non- 

Its m e l t i n g  point  i s  14OO0C 
The molecular 

The 

. -  

The: calculat ions can be out l ined-as  follows': F i r s t  t he  



T H E R M A L  
RADIATION 

4% 

FIGURE 1. ESTmTED EBlWGY PARTITION AT TBE TIME OF SECOND MAXIMUM 
IN IUIUR'S MODEL. 

I n  these calculations the  energy equivalent of 1 KT of TNT has been taken 
as 1012 cal.  
heat' capacity and pressure--volume--temperatur.e re lat ionship of gases 
have been assumed t o  be ideal. 

The dissociation energy of a i r  i s  101,830 cal./mole. The 

Miller next defines "the model surface burst" as one i n  which one half  
of  t he  in t e rna l  energy i n  the  f i r e b a l l  a t  t he  second maximum was*util ized 
i n  dissociating and heating a i r  molecules and the  other half  f o r  the  
vaporization of s o i l  molecules. 
r e su l t  tha t ,  w e l l  within the  e r ror  of estimate, equal number of moles of 
air and s o i l  atoms are present i n  the  f i r e b a l l  a t  the  time of second 
maximum. 
perfect  gas l a w  and the  estimated s o i l  properties leads t o  1.6 x 10 
per  KT of y ie ld  f o r  each; o r  840 tons of s o i l  per KT of yield. 

Hillendahl(6) gives a number of useful  scaling re la t ions  f o r  surface 
bursts. In  h i s  nomenclature: 

Applying t h i s  pr inciple  leads t o  the  

the Relating these t o  the  t o t a l  energy available by means of 
moles 

W = t o t a l  wedpon 

PQ 
t* = 

i e l d  (kilotons) 
t. = t i m e  (seconds 5 - ambient air  density (g/l) 

t/tfmax - r a t i o  of t he  time t t o  t h a t  of the  f i n a l  maximum 
i n  observed temperature 
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power (kilotons per second) 
nA 

of power temperature) 
T = absolute temperature of the f i r e b a l l  

= (Stefan's constant x t o t a l  radiat ing area x fourth power 

1 Kiloton = 10l2 calor ies  
R1 = Radius of uniform brightness 
R2 = Main radiat ion f ront  radius 
R 3  = Absorption s h e l l  radiuF 
R 4  = Main shock f ront  radius 
R 5  I Precursor shock f ront  radius 

(The r a d i i  e re  shown i n  Fig. 2 and a re  fur ther  discussed i n  the follow- 
ing paper, page 47 . They are taken i n  meters). 

The scaling equations a re  

W = 0.65 Po (2Rl+)5 / t2  

tmin m 0.0030 W0*49 

R 4  min 

H I 3.75 $*5 l  t* e 

R2 min I 33 $ 0 3 9 ~  = the  values of the  r a d i i  a t  t he  minimum 
i n  observed temperature 

- 93 -3.2wt * -2.73t* -1.45e -9e 

And from h i s  f igures  one f inds 

*-0.34 T = 7000 w-0.07 t 

while, a t  t* I 1 

R1 - - 48 wO.39 

- 66 wO.39 R2 - 
R 3  = 75 w 0.39 

R 4  = 90 $*39 

From the  time of second maximum t o  the  time required t o  reach 14OO0C. 
the  in t e rna l  energy of t he  cloud w i l l  decrease. Dissociated a i r  and 
s o i l  will re lease energy by cooling and reassociating. 
released will be dis t r ibuted among radiation, expansion, heating 
addi t ional  air ,  and heating and melting addi t ional  so i l .  
of energy radiated up t o  any t i m e  i s  obtained by integrat ing Hillenaahl 's  
power function. 
volume of t he  1.6 x 106 moles per  KT of air  atoms due t o  cooling from 
60000 t o  1400OC. 
b a l l  calculated from Miller 's  scaling equation 

The energy 

The amount 

The work of expansion i s  calculated f romthe  change i n  

The difference between the  maximum volume of the  f i re -  

Rm z 922 x 103 WQ.314 



and the  volume of the or ig ina l  a i r  a t  14OO0C. i s  used t o  calculate the  
addi t ional  amount of heated a i r .  
turns  out t o  become available f o r  heating and melting so i l .  
assumed t h a t  only half  of t h i s  res idual  energy produces molten so i l .  
The additional s o i l  melted turns  out t o  equal about half  of the  con- 
densed so i l .  The t o t a l  amount of molten s o i l  i s  thus calculated t o  be 
2150 tons for a 1.7 KT shot, in'poor agreement with the  800 tons found 
i n  the  Rainier shot (Nevada Test S i t e ,  1957), where no radiation was 
los t ,  although much water was  present. (cf.  Part  I V ) .  

Some 3% of the  or ig ina l  device energy 
It i s  

With the  foregoing considerations the  stage i s  set f o r  the  application 
of Raoult's Law by def ini t ion of the  macroscopic state. !Phis state 
consists of the  calculated number of moles of molten s o i l  i n  equilibrium 
with a vapor phase. The previous discussion took the  temperature down 
t o  1400OC., but the  same pr inciples  could be used t o  reach def ini t ions 
of the  macroscopic state f o r  intermediate temperatures. 
temperatures, however, the  vapor pressure and p a r t i a l  dissociation of 
the  s o i l  w i l l  become increasingly important. 

A t  higher 

FIGURE 2. IUUSTRATION OF FIREBALL RADII (FROM (6)) 



According t o  Raoult's Law, t he  vapor pressure of each component of an 
ideal solution a t  thermodynamic equilibrium i s  equal t o  the vapor pressure 
of the pure substance multiplied by i t s  mole f rac t ion  i n  the  solution. 
Thus, i f  there  are n l  moles of component 1 and n2 moles of component 2 
i n  a two component solution the  mole f rac t ion  of component 1 i s  

n l  N1 = 9 

n l  + n 2  

I ts  vapor pressure above the  solution i s  

where plD i s  the  vapor pressure of the  pure component. 
i l l u s t r a t e d  graphically i n  Fig. 3. 
i dea l  behavior while t he  so l id  l i nes  indicate  two cases of real  behavior 
Posit ive deviations are  a t t r ibu ted  t o  mutual repulsion of t he  components, 
and negative deviations are  a t t r i bu ted  t o  mutu.al a t t rac t ion .  

The l a w  i s  
Here, the  dashed l i nes  i l l u s t r a t e  

I n  order t o  apply t h i s  t o  the  system a t  hand, one fur ther  concept must 
be mentioned, namely, t h a t  of the p a r t i a l  pressure. 
of gases, the  p a r t i a l  pressure of component 

In an idea l  mixture 
3 s  given by 

p 1  = ny RT/V 

where np i s  the  number of moles i n  the vapor phase, R i s  the  gas constant, 
T t he  absolute temperature and V the  volume. 
t h a t  nl- n1/n2 : 

Eliminating pl and noting 

On th i s  basis it therefore becomes a straightforward, 
problem t o  calculate t he  amount of 'each radionuclide present, as was 
done by Hunter and Ballou, and then d is t r ibu te  each one between.the 
vapor phase and the  condensed phase. 
are present i n  -such small concentrations t h a t  interact ion between them 
can be neglected. 
shown i n  Fig;- 4 

i f  complex, 

.The f i s s ion  product radionuclides 

The,values of p i  f o r  some important elements are 
> .  
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/FIRST STAGE OF CONDENSATION FOR A TOWER BURSTI 
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FIGURE 4. VAPOR PRESSURES OF IMF'ORTANT FISSION AND CAPTUBE PRODUCT EIXMENTS Z J R I N G  
VARIOUS CONDENSATION PROCESSES. 
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Miller re fers  t o  the  adsorption processes occurring'after the pa r t i c l e s  
so l id i fy  as the  second stage of condensation. He suggests e i the r  using 
Langmuir adsorption isotherms or sublimation pressures t o  estimate the  
dis t r ibut ions at t h i s  stage, but doesn't apply them i n  h i s  work. H i s  
r e su l t s  shob 
equal t o  0.4 t h a t  of unfractionated f i s s ion  products a t  one hour, while 
h i s  observed data show an "ionization rate"  of 0.3 tha t  of unfractionated 
f i s s ion  products. 

s t a t ed  i s  t h a t  of a single calculated composition with one of many 
possible observed compositions. Without radiochemical documentation the  
significance of the  comparison remains obscure. 

an "ionization ra te"  of f ract ionated f i ss ion  products 

From what has been said, it should be c lear  t h a t  
- there  i s  not one fract ionated composition, but many. The comparison -- ---- 

Part  11. The NRDL Dynamic Model for Fallout from Land 
Surface Nuclear Bursts 

The NRDL D-Model (Dynamic Model) w a s  develo ed by Anderson and i s  
described i n  d e t a i l  i n  several  reports.(2-57 This section will be 
primarixy a summary of Anderson's description. Enough detail will be 
given t o  allow the  reader t o  understand the  application of Mil ler ' s  
f ract ionat ion model t o  f a l lou t  predictions f o r  land surface bursts. 

In the  cooling f i r e b a l l  the  temperature will eventually reach a point 
where s o i l  pa r t i c l e s  entering the  f i r e b a l l  are no longer vaporized and 
where vaporized s o i l  present i n  the  f i r e b a l l  begins t o  condense. This 
temperature i s  estimated as the boi l ing 
boi l ing consti tuent of the so i l .  In the  case of Nevada T e s t  S i t e  s o i l  
t h i s  consti tuent would be quartz which bo i l s  a t  about 220OOC. 
case of cora l  surface bursts  t h i s  substance would be CaO which bo i l s  
a t  about 280OOC. 
t u r e  reaches t h i s  value i s  taken as the  t i m e  of the beginning of fa l lou t .  
This t i m e  i s  about 0.6 see. f o r  a 1KT burst ,  6.4 see. for a 100 KT 
burst ,  a i d  64.3 see. f o r  a 10 MT burst. 
approximated by a cylinder. 
have a uniform dis t r ibu t ion  of p a r t i c l e  s izes  contained i n  a volume 
coincident with t h i s  cylinder. The ac t iv i ty-par t ic le  s ize  d is t r ibu t ion  
i s  divided in to  100 classes.  
c lass  up t o  a 8700-10,000 CI diameter class.  Par t ic les  smaller than 
40 p are  considered beyond the  scope of l oca l  f a l lou t .  
therefore t o  think of t he  cloud a t  t h i s  time as consisting of 100 
ident ica l  coincident r igh t  c i rcu lar  cylinders each corresponding t o  one 
of t he  p a r t i c l e  s ize  classes. In addition, each cylinder i s  divided 
up in to  N equisized discs.  N may be as small as 7, as i n  the  case of 
a 0 . O l K T  burst  or as large as 231, as i n  the  case of a 100 MT burst .  
The t o t a l  number of discs  therefore var ies  from TOO t o  23,000. 
s i tua t ion  i s  i l l u s t r a t e d  i n  Fig. 5. 

point f o r  an abundant high 

In the  

In the  D-Model the  time a t  which the  f i r e b a l l  tempera- 

The cloud a t  t h i s  time i s  
The t o t a l  res idual  a c t i v i t y  i s  assumed t o  

'These classes range from a 40-60 p diameter 

It i s  convenient 

The 
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I n  contrast  t o  those f a l lou t  models which begin when the  cloud has 
reached i t s  maximum height, the  D-Model must account f o r  the  upward 
motion of the cloud i n  calculating the  v e r t i c a l  veloci ty  of the par t ic les .  
Thus, the  rate with respect t o  the  ground a t  which a pa r t i c l e  moves 
upward o r  downward i s  taken as equal t o  the  difference between the  
veloci ty  with which it i s  carr ied up by the  r i s ing  cloud and the  veloci ty  
due t o  gravi ta t ional  fa l l .  Vert ical  winds a re  not considered. Wind 
speed and direction during the  time of rise and f a l l  determine the 
pa r t i c l e s  horizontal  displacement. The t ra jec tory  of each disc i s  now 
taken as the  t ra jec tory  of a pa r t i c l e  whose s ize  i s  the midpoint of the  
s5ze c lass  of the  disc and whose location i s  the  center of the  disc. 
Cylinders corresponding t o  different  pa r t i c l e  s ize  classes are therefore 
seen t o  diverge gradually from one another. Cylinders representing 
large pa r t i c l e s  w i l l  not r i s e  very high and w i l l  f a l l  more rapidly. 
Cylinders representing small s ize  pa r t i c l e s  w i l l  r i s e  higher and l eve l  
off more slowly. The t ime-alt i tude h is tory  i s  approximated by a f i n i t e  
difference equation dividing the t i m e  in te rva ls  from the  start  of f a l lou t  
t o  the  time the  pa r t i c l e  reaches the  ground in to  N smaller intervals .  
The first in t e rva l  i s  1 see. and each in t e rva l  i s  1 see. longer than 
the preceding interval. 

In  t r ea t ing  the  stem, the D-Model ignores the  much higher ve loc i t ies  
present there  and treats the  motion i n  the  same manner as f o r  the  main 
pa r t  of the  cloud. 

Fig. 6 shows the  cumulative percent of res idual  a c t i v i t y  f o r  pa r t i c l e s  
of d i f fe ren t  s i ze  as determined from the  Operation JANGLE underground 
shot. It i s  seen t o  be log-normal. For most s i l iceous s o i l s  the sparse 
data available indicate  tha t  f o r  l oca l  f a l lou t  the  f rac t ion  of radio- 
a c t i v i t y  i n  a given s ize  range i s  roughly independent of yield.  However, 
t he  s ize-radioact ivi ty  dis t r ibut ion f o r  cora l  i s  markedly different  from 
t h a t  f o r  s i l iceous s o i l .  

If one of the  discs  representing a par t icu lar  s i ze  c lass  lands on the  
gmund before one- hour a f t e r  burst  and covers a point p on a rough plane, 
then the  deposited dose r a t e  R i n  r/hr. a t  1 hr.  and 3 f e e t  above t h i s  
location i s  given by R - 120 FA/NS. Here 120 i s  a constant t h a t  takes 
in to  acoount f i n a l  surface i r r egu la r i t i e s  and other factors .  The con- 
t r i bu t ion  of discs  arr iving after one hour t o  the  calculated one hour 
dose r a t e  i s  accounted for .  F i s  the  f rac t ion  of t o t a l  res idual  radio- 
a c t i v i t y  associated with the  pa r t i c l e  s ize  c lass  of the  disc. A i s  the  
t o t a l  res idual  radioact ivi ty  i n  curies remaining a t  one hour after burst ,  
and i s  taken as 5 x 10 8 W curies f o r  a weapon y ie ld  which i s  10% due 
t o  f iss ion.  S i s  the  area i n  square f e e t  on the  ground covered by the 
radioact ivi ty  contained i n  t h e  disc. The edge e f fec t  i s  ignored. The 
t o t a l  deposit dose r a t e  at  P i s  the sum of the  individual dose r a t e s  
contributed by t h e  discs t h a t  cover t h i s  location. The e f f ec t s  of 
induced a c t i v i t i e s  and fract ionat ion are not taken in to  account by 
Anderson. 
The method of finding the  radius of the  disc i s  based upon the 

S i s  assumed t o  be n r2 where r i s  the  radius of the disc. 
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following three assumptions. 

(1) The fa l lou t  i s  dispersed uniformly throughout t he  i n i t i a l  
v i s ib l e  cloud a t  t he  time of start of fa l lou t ,  

( 2 )  A s  the  cloud expands, t he  f a l lou t  expands l a t e r a l l y  a t  tne  
same r a t e  as the  cloud, and 

(3) The la teral  expansion of f a l lou t  stops a f t e r  the cloud has 
stopped expanding. 

The maximum disc  diameter f o r  a l l  yields  i s  taken as tha t  given f o r  360 
see. 

Because of the ear ly  t i m e  a t  which the  D-Model begins t o  consider the  
f a l lou t  processes it can be readi ly  seen t h a t  it i s  par t icu lar ly  sui table  
t o  being modified f o r  t he  e f f ec t s  of f ract ionat ion according t o  the 
methods of Part  I above. The de ta i l s  of t h i s  modification are described 
in the following section. 

Part  111. Modification of the  NRDL Dynamic Model f o r  Fractionation 

The modification of t he  NRDL dynamic model f o r  f ract ionat ion has been 
carr ied out by Lee, Kiley, and Johnson(7) according t o  a method outlined 
by Miller and i s  i n  the  process of being programmed f o r  an IBM 704 
computer. The modification proceeds as follows. F i r s t ,  it i s  necessary 
t o  change from the  ac t iv i ty-par t ic le  s ize  input of Anderson t o  a mass- 
pa r t i c l e  s ize  input. To do t h i s  we use Miller's crater ing equation 

M I 5.03 x lo9 $092 grams 

f o r  t h e  mass thrown out, and assume 7.5% of t h i s  comes i n  contact with 
radioactivity.  This 7.5% i s  assumed t o  have a log-normal mass d i s t r i -  
bution with 5% of the mass i n  pa r t i c l e s  of l e s s  than 1OOp diameter and 
0.4% of t h e  mass i n  pa r t i c l e s  la rger  than 1 0 , O O O p  . The f ract ion of a 
p a r t i c l e  melted w i l l  be, fo r  t he  present, considered independent of 
pa r t i c l e  size.  

There i s  next established a 69th concentric figure,  a sphere, which i s  t o  
represent t h e  vapor phase of the  cloud. A t  the  end of the  Anderson's 
f i r s t  t i m e  i n t e rva l  (1 see.)  it i s  determined which discs have l e f t  the  
cloud. From the  yields  and half- l ives  of t he  primary f i s s ion  products 
the quant i t ies  of t he  various product r,uclides present a t  the  midpoint 
of t he  time in te rva l  (0.5 sees.) are  calculated. 
t h i s  t i m e  i s  a l so  determined. The temperature i s  used to ,calculate  the 
vapor pressure of each f i s s ion  product oxide at a 
oxygen of 0.2 atmospheres. This i s  used i n  conjunction with calculated 
cloud volume and number of moles of vaporized s o i l  material t o  determine 
the  d is t r ibu t ion  of each element between the  vapor and condensed states. 

The temperature a t  

p a r t i a l  pressure of 

. . - .. . . 



The quant i t ies  condensed which leave the  cloud can now be con idered t o  
be i n i t i a l  quant i t ies  f o r  a Hunter-Ballou type calculation.(87 The 
uncondensed radionuclides are  considered t o  be equally d is t r ibu ted  
throughout the f i r e b a l l .  Again, the Hunter-Ballou type calculation i s  
employed using these uncondensed quant i t ies  a s  s t a r t i ng  values i n  order 
t o  c o q u t e  the quant i t ies  present a t  the midpoint of the next time 
interval .  
nuclides i n  the  cloud i s  carr ied out u n t i l  the  temperature f a l l s  t o  1400Oc. 

This process of gradual depletion of pa r t i c l e s  and radio- 

The second phase of condensation now begins. 
nuclide present i n  the  condensed phase a re  now considered t o  be frozen 
in .  The nuclides i n  the vapor phase a re  considered t o  be e i the r  one of 
two kinds: v o l a t i l e  o r  invola t i le .  The choice depends upon whether or 
not t h e i r  concentration i n  the  cloud i s  greater  than the vapor pressure 
of the pure substance a t  the given temperature. A t  the  midpoint of the 
next time in t e rva l  the temperature and vapor pressures a r e  calculated a s  
before. 
d i s t r ibu ted  among the pa r t i c l e s  present according t o  the surface offered 
by the pa r t i c l e s .  
rad ioac t iv i ty  i n  proportion t o  t h e i r  area rat:her than t h e i r  volume and 
the quantity of each radi'onuclide remaining behind i s  equal t o  t h a t  
required t o  saturate  the cloud a t  the  given temperature. 
carr ied out u n t i l  a l l  discs have l e f t  the cloud. 

The portions of each radio- 

Those elemental forms which exceed t h e i r  vapor pressures a re  

Par t ic les  leaving the cloud therefore now scavenge 

The process i s  

It i s  now seen t h a t  tne r a t e  of a r r i v a l  of any given radionuclide a t  any 
point can be calculated as well  as the  radionuclide d is t r ibu t ion  a t  any 
point a t  any t i m e  a f t e r  burst .  
be used as the s t a r t i ng  point f o r  the calculation of dose r a t e  according 
t o  the decay schemes of the  radionuclides involved. 

This radionuclide d is t r ibu t ion  can now 

Problems of throwout, stem treatment, and environment induced a c t i v i t i e s  
are s t i l l  under consideration. 

The calculations described are very complex and the amount of computer 
time required to-make them has not yet been determined. 
the realm of poss ib i l i t y  t h a t  the time required f o r  a complete calculation 
would be prohibit ive were it not f o r  cer ta in .s implif icat ions that m i g h t  be 
made. 
an equal or greater  extent thau the  vaporized s o i l .  
which consist  en t i r e ly  of such elements w i l l  be completely condensed from 
the  outset .  
primarily as gaseous,materials throughou the  b e t t e r  part of the conden- 

of one such refractorily-behaving radionuclide and one such vola t i le ly-  
behaving ra&onuclide at  any point i n  the  fal lout .  pa t te rn  would deter- 
mine the  r e l a t ive  ab&Wces of the  other radionuclides t o  an extent 
which was qui te  adequate for the  purposes of estimating fract ionat ion 
and furthermore was grounded more so l id ly  i n  experimental observation 

It i s  not beyond 

F i r s t  of afi, there  are those substances which a r e  refractory t c  
Those mass chains 

A t  the  other extreme a re  mass chains which w i l l  be present 

'sation process, It has been pointed out F 1) t h a t  the  r e l a t ive  abundances 

than i s  the  preceding treatment. 
t o  predict  the abundance of two s u z  nuclides,, coupled -- with: knowledge 

In principle_, therefore, an a b i l i t y  
- - --- 



of the  fract ionat ion systematics obtained through observation, would 
v ie ld  a method of accounting f o r  f ract ionat ion i n  f a l lou t  which i s  a t  
-- 

- --- Y -  ~ -- 
once more s impleand more rgliabl-tzled --. calculations 
described. We w i l l  re turn t o  t h i s  subject i n  subsequent sections. 
-- 

Part  I V .  Means of Testing the  Miller-Anderson Fractionated-Fallout Model 

The model which we have described i s  a complex combination of mechanical, 
thermodynamical, physical-chemical and nuclear-physical considerations. 
The i n t r i c a t e  s t ructure  r e s t s  shakily on a large number of simplifying 
assumptions and approximations. The questions we now ask are,  "How 
much closer  a re  we now t o  r e a l i t y  than we were before i n  our a b i l i t y  t o  
predict  f a l lou t  patterns?",  
r ea l i t y?"  and "HOW much of t h i s  do we want t o  do?" 
w i l l  be discussed i n  these last  two pa r t s  of t h i s  paper. 

, 

"What can we do t o  improve t h i s  approach t o  
The f i r s t  two questions 

One thing we hope t o  do very soon i s  t o  apply the  considerations des- 
c r ibed  he re  t o  t h e  t rea tment  of data from Operation JANGLE shots .  When 
we do we may achieve b e t t e r  agreement between predicted and observed 
values than have been obtained before o r  we may not. Improved agreement 
would na tura l ly  be more encouraging. But how could we be sure t h a t  t h i s  
w a s  not obtained by a for tu i tous  concellation of e r ro r s  f o r  the par t icu-  
l a r  event studied? And how could we be sure t h a t  i n  some subsequent 
application these e r rors  would not cancel and we would not be so for tunate? 
Observational data i n  the  form of dose pa t te rns  and decay curves a re  
themselves complex r e su l t s  of the  radioactive propert ies  of the radionuclides 
present i n  the  f a l lou t  material. The calculation of these quant i t ies  from 
the  radionuclide composition I s  a f a i r l y  straightforward problem. The 
reverse calculat ion is ,  however, v i r t u a l l y  impossible, f o r  while a cer ta in  
radionuclide composition w i l l  r e s u l t  i n  only one dose and one decay curve, 
the  pa r t i cu la r  dose or decay curve can be described by a number of radio- 
chemical compositions. It i s  therefore  seen t h a t  the radiochemical 
composition of the  f a l l o u t  a t  par t icu lar  points  i s  the basic knowledge 
t h a t  i s  wanted. It i s  t h i s  knowledge which -- we expect - our f a l lou t  model 
t o  predict  and it i s  observatLon of t h i s  composition which const i tutes  
one of t he  most desirable types' of data f o r  determining - the  r e l i a b i l i t y  

'of the predictions.  The qua l i ty  of radiochemical data available f o r  
Operation JANGLE shots i s  'very poor by present day standards and s o  our 
uncertainty w i l l  be increased by having t o  r e l y  upon the  less desirable 
and more complex type of observation. 

--- 
- --- -- 
---- ---- 
-- 

Land surface shots i n  the  Eniwetok Proving Grounds a re  b e t t e r  sources of 
mater ia l  for t e s t ing  fract ionated f a l lou t  predictions,  
and Koa (1958) i n  par t icu lar ,  were the subjects of considerable useful  
documentation. However, the chemical and thermal propert ies  of cora l  
d i f f e r  so  grea t ly  from those of Nevada Test S i t e  s o i l  and other surfaces 
t o  be expected within the  continental  l i m i t s  of the  United S ta tes  t h a t  
success i n  these areas  would be no guarantee of success i n  the l a t t e r  
cases. Nevertheless, the  appl icat ion of our f a l lou t  model t o  these 

Shots Z u n i  (1956) 
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b u r s t s a p p i r s  t o b e  a worthwhile method of t e s t ing  and one which we 
intend t o  do. 

The assumptions involved i n  Miller 's  approach can be thought of as 
f a l l i n g  in to  two groups. 
the  d is t r ibu t ion  of radionuclides between vapor and condensed phase i n  
the  f irst  stage of condensation. These are, namely, thermodynamic 
equilibrium and appl icabi l i ty  of Raoult 's L a w .  The second group of 
assumptions are  those which a re  required t o  estimate the amount of 
molten s o i l  present i n  the f i r e b a l l  a t  the  time of condensation. 
view of t he  tenuous nature of both of these sets of assumptions and 
des i r ab i l i t y  of t e s t ing  each s e t  independently of the  other should be 
evident. To t e s t  the appl icabi l i ty  of Raoult's Law and thermodynamic 
equilibrium independently requires a r e l i ab le  knowledge of :  (1) the 
quantity of molten so i l ;  (2)  the  existence of a single vapor-liquid 
phase separation; (3)  the time of separation; (4)  the  temperature a t  
t h i s  time; (4)  the  volume of the  vapor phase a t  t h i s  time; and (6)  the 
resul t ing d is t r ibu t ion  of fractionated nuclid.es. This combination of 
requirements appears t o  be nearly f u l f i l l e d  i n  the case of the Rainier 
shot. The Rainier shot occurred a t  the  Nevada Test S i t e  on September 19, 
1957 about 800 fee t  underground with a y ie ld  of 1.7 KT. It appears t o  
have vaporized 1.5 tons of rhyol i te  and melted another 850 tons.  This 
molten s o i l  was in.contact  with the  vapor phase f o r  a period of about 
30 seconds t o  2 minutes a f t e r  the  time of burst .  A t  th i s  t i m e  there  
appears t o  have occurred a sudden drop i n  pressure due t o  the  venting 
of the vapor phase in to  some external  volumes. 
t i m e  w a s  not uniform throughout the  system bu.t there  i s  evidence tha t  
condensation had already occurred i n  the  vapor phase. The temperature 
i n  the  vapor pL.ase w a s  therefore l e s s  than 2200OC.  and the  temperature 
of the  lowest or coolest molten portion was greater than 14OO0C. The 
volume of t he  vapor phase a t  the  t i m e  of sepazation is  known from the  
measured dimensions of t he  cavity. 
i s  available f o r  a s ignif icant  number of radionuclides a t  several repre- 
sentative locations. It i s  from these data tha t  the  estimate of the  t i m e  
of separation has been made. 
the  uncertainty i n  independent yields  and half- l ives  of short-l ived 
f i s s ion  product will not s ign i f icant ly  influence the calculations. The 
quantity of moisture present i n  t h i s  burst  was  much greater  than would 
be expected i n  a Nevada surface burst .  The e f f ec t  of t h i s  may be 
neglected as the  f irst  approximation. 
t o  be the difference i n  subdivision of t he  molten material i n  t h i s  case 
compared t o  t h a t  i n  a surface burst .  The assumption of thermodynamic 
equilibrium includes an assumption t h a t  the  radionuclides i n  the  con- 
densed phase have had the  opportunity of d i s t r ibu t ing  themselves 
uniformly throaghout t he  molten volume. 
accomplished depends upon the  diffusion coeff ic ient  of t he  substance 
i n  the  molten material. The diffusion constants of substances i n  
s i l i c a t e s  can be 10 or  100 times lower than the diffusion constants of 
other high temperature materials such as, f o r  example, molten salts. 
Glass manufacturers are  poten t ia l  sources of addi t ional  information. 

F i r s t ,  there  are the assumptions bearing upon 

In 

The temperature a t  t h i s  

Fractiona,tion h t a  of good r e l i a b i l i t y  

This time i s  long enough so  tha t  much of 

The most' serious drawback appears 

The speed a t  which t h i s  i s  



If t h e  material under consideration is  i n  a f ine  state of subdivision 
t h i s  will be less important. In the  Rainier shot the material w a s  
essent ia l ly  undivided. In order t o  have a reasonable hope of success 
it therefore would appear t ha t  t h i s  should be accounted f o r  i n  the 
calculations involved i n  the  model before it i s  applied t o  Rainier data. 
Needless t o  say, such a refinement would materially improve the  realism 
o f  the  approach taken-in the i n i t i a l  model a lso.  Therefore t h i s  i s  
something which appears t o  be worth doing as par t  of the  model ref ine-  
ment process. 

Two kinds of experimental measurements which we a re  planning t o  carry 
out i n  the  laboratory will help t o  a l l ev ia t e  our ignorance i n  these 
matters. F i r s t ,  we will measure the  r a t e  a t  which various f i ss ion  
products diffuse through molten s i l i c a t e s  and determine i f  the  r a t e s  are 
fast  enough t o  permit equilibrium. Secondly, we w i l l  determine the 
idea l i t y  of behavior of various f i s s ion  product oxides over molten 
Nevada so i l .  Both these types of experiments w i l l  not only yield 
evidence of the va l id i ty  of the  assumptions involved but w i l l  a l so  
y ie ld  information by which the  assumptions can be corrected and more 
va l id  treatments incorporated. 

Part  V. Fallout Data Required f o r  Testing 

In  t h i s  section I want t o  out l ine the  kinds of observation which would 
be more or l e s s  i dea l  f o r  t e s t ing  the  type of model t h a t  we have described 
and obtaining addi t ional  data which we need. These thoughts are put for th  
with l i t t l e  regard f o r  the  economics involved. In some cases order of 
magnitude estimates of t he  costs  can be given. The decision as t o  whether 
a foundation f o r  f ract ionated f a l lou t  models of the  firmness t o  be obtained 
by basing it on the  data described i s  worth the  pr ice  of investigation i s  
beyond the  scope of these studies.  

The main areas of ignorance have been summarized by KnapF. (9) 
summary, whzch I now quote, forms the basis  of t h i s  pa r t  of my presentation. 

This 

"What we need t o  know, and what we generally do not know t o  within 
a f ac to r  of 2 t o  3, may be p a r t i a l l y  described i n  the following way. 

The d is t r ibu t ion  of the  radioact ivi ty  created i n  nuclear 
explosions between stratospheric,  tropospheric, and 
loca l  fa l lou t .  This d is t r ibu t ion  depends - strongly on 
the  location and conditions of burst ,  and on the y ie ld  of 
the weapon. 

The s i z e  dis t r ibut ion,  physical  and chemical form and 
properties of the  f a l lou t  par t ic les ,  and the  dis t r ibut ion 
of f i s s ion  products and induced a c t i v i t i e s  among them. . 
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(3) The degree and manner i n  which radioact ivi ty  from various 
types and conditions of bursts  i s  fractionated. 
r e l a t ive  concentrations of the  various nuclides may occur 
i n  stratospheric,  tropospheric, and loca l  f a l lou t  than i n  
the  t o t a l  debris, and even within the  region of l oca l  
f a l lou t  the  r e l a t ive  concentrations may vary s igni f icant ly  
with distance from the explosion. Radiological fractiona- 
t i o n  may a l so  be considered as occurring between pa r t i c l e s  
of different  sizes,  different  chemical form, and perhaps 
i n  other ways such as degree of so lubi l i ty .  Such fac tors  
need ident i f icat ion,  study as t o  cause, and evaluation as 
t o  r e l a t ive  importance. I' 

Different 

I can think of no b e t t e r  means of obtaining the answers f o r  t he  f i r s t  
ignorance than that used i n  Project 2.8 of Operation 
which I w i l l  not describe. 

The primary objective of t h i s  project  was t o  estimate the  pa r t i t i on  of 
Sr9O and Csl-37 between loca l  and long-range f a l lou t  i n  nuclear detona- 
t ions  over land and water surfaces. 
determine the  s p a t i a l  dis t r ibut ion of radioact ivi ty  and pa r t i c l e s  i n  
the  cloud a few minutes a f t e r  detonation. 
achieved by radiochemical analysis of the  following types of samples: 

A secondary objective w a s  t o  

These objectives were t o  be 

1. Aircraf t  samples of pa r t i c l e s  and radioactive gases present i n  
the  upper portion of the clouds. 

' 2. Rocket samples of the par t icu la te  matter i n  the  clouds t o  be 
collected along nearly v e r t i c a l  f l i g h t  paths, a t  several  distances 
from the  cloud axis.  

3. Fallout samples collected along height l i nes  a t  an a l t i t ude  of  
1,000 fee t  by aircraft .  

Portions of par t icu la te  samples-were separated .into coarse and f ine  
fract ions (greater  or less than 2 5 p ,  the  selected division between 
l o c a l  and worldwide f a l l o u t )  w i t h  a Bahco centrifuge and f a l l  r a t e  
dis t r ibut ions f o r  t he  two f rac t ions  determined with a micromerograph. 
These samples were analyzed separately. 

The observations were -carried out -on high:yield coral ,  water, and cora l  
plus wate surface .bursts. ion correlat ion .of t he  ~ 3 9 ,  
SrgO, CelE4=-data. i s  - shown 
determined i n  these sample was chosen- as the  refractor i ly-  
behaving standard, The s imi la r i ty  t o  previously correlated data, from 
which the  correlation l i n e  was.-taken, i s  obvious. 'In the  land surface 
burst ,  it appears t h a t  Sr89 and-SrgO-fractionate from each other i n  the  
coarse par t ic les ,  but not i n  the  fine.  

1. - .  . . -  
I - -  

Unfortunately, n-95 was not 

Unfortunately, the  rocket sampling par t  of the  program f a i l e d  and the 
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project  f e l l  short  of i t s  goal. However, much valuable information and 
experience w a s  obtained, and similar projects  i n  the future  would be 
highly desirable, with even more extensive and intensive documentation, 
par t icu lar ly  i n  the  study of small par t ic les .  

Regarding the  t h i r d  area of ignorance mentioned by Knapp, what we require 
a re  f a l lou t  pat terns  which are  bas ica l ly  different  from the  ones usually 
encountered. 
dose rates a t  1 hour after burst. This apparently represents the infor- 
mation most readi ly  interpreted by mi l i ta ry  and c iv i l i an  defense planners. 
It i s  far too unrevealing t o  allow adequate building and t e s t i n g  of a 
fract ionated f a l lou t  model. What we need i n  any given burst  i s  not one 
set of f a l lou t  contours, but two. The f i rs t  set of contours would show 
the  f rac t ion  of some refractorily-behaving radionuclides per  un i t  area. 
For example, one might show the  f rac t ion  of the t o t a l  amount of Zr95 
produced by the  device which can be found per square foot a t  the loca- 
t ions  indicated. The second s e t  of contours might represent t he  same 

of information f o r  some volatilely-behaving radionuclides such as :?' o r  Cs137. This would provide par t  of the required information but 
it would be more instruct ive t o  have f o r  the  second set of contours a 
chart  of the  r a t i o  of Zr95 t o  Sr89. 
r a t i o  the  "fractionation index." Fractionation index contours would 
c lear ly  show how the  degree of f ract ionat ion varied throughout t he  f a l lou t  
pa t  t e rn  . 

The familiar f a l lou t  pa t te rn  i s  a se r i e s  of contours of 

We have ca l led  the logarithm of t h i s  

We would now be i n  possession of information concerning an extensive 
parameter t o  indicate the  quantity of debris a t  a given location and an 
intensive parameter t o  indicate the departure from representat ivi ty  a t  
any location. 
d i s t r ibu t ion  of the  other f i s s ion  product radionuclides and important 
induced ac t iv i t i e s .  If we were t rying t o  predict  the  d is t r ibu t ion  of 
each nuclide with our model we would need these data i n  order t o  see i f  
we had predicted the d is t r ibu t ion  properly. O n  the other hand, i f  we 
were only using our model t o  predict  the  Zr95 contours and the  frac,- 
t ionat ion index contours, we would need these data t o  interpolate  
empirically the  fract ionat ion of t he  other radionuclides. 
these data would require an exhaustive radiochemical analysis of a 
l imited number of samples selected f o r  t h e i r  spread i n  f ract ionat ion 
index. 

We would s t i l l  need data t o  be able t o  f i l l  i n  the  

Presumably, 

Such data could a l so  be used t o  integrate  the f rac t ions  of various 
radionuclides which deposited. By mass balance considerations, t he  
amounts contributed t o  worldwide f a l lou t  could be calculated. Consis- 
tency with the  data described above would of fe r  valuable support t o  
t he  resu l t s .  Experience with f i e l d  operations has l e d  t o  the  conclusion 
t h a t  whatever can go wrong, w i l l  go wrong, and planned ovqr-documentation 
can turn  out t o  be inadequate documentation. 

One would of course want t o  obtain much other information a t  the same 
time such as dose rates ,  decay curves, gamma assays, and gamma spectra, 
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mass of fallout, of particle size data', individual particle analysis, 
etc., which are usually collected during a field test. 
information were backed up by the kind of documentation I have described 
it is easy to visualize how the correlation of this knowledge with basic 
radiochemical infornation would permit a more meaningful interpretation 
and applicability to prediction than has ever been realized in the past. 

If this kind of 
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PARTICU FORMATION AND FRACTIONATION I N  AIR BURSTS 

Edward C. Freil ing 

San Francisco, California 
U. S. N a v a l  Radiological Defense Laboratory 

ABSTRACT .. . 

\ 
The relat ion of fa l lou t  formation processes i n  air bursts t o  processes 
occurring i n  other types of bursts are discussed. Results obtained t o  
date on tes t ing  available particle formation theories and means of ex- 
tending these theories t o  include fractionation are described. 
brief summary of available results of fractionation cor reh t ions  on 
air burst debris i s  given and data requirements from fiture detonations 
are presented 

A 

- i 

Introduction 

I n  t h i s  paper I w i l l  describe the long-range portion of the fa l lou t  
model program at  NRDL. 
two-fold: 
scribed i n  the previous paper; and second, t o  extend model-making capa- 
b i l i t y  t o  other types of bursts i n  l i ne  with the general objective of 
the program. The applicabili ty of the study of air bursts t o  the 
lat ter objective is evident. 
t i ve  w i l l  be discussed i n  Par t  I below on the importance of air bursts. 
Par t  I1 w i l l  discuss gross phenomenonolgy and Part  I11 w i l l  discuss the 
macroscopic features of the formation of air burst  debris. Par t  IV 
w i l l  treat the interaction between the macroscopic debris and the prod- 
uct  radionuclides and-Part V w i l l  point out data required from future 

The object of t h i s  portion of the program i s  
first, t o  refine the treatment of land surface bursts de- 

The applicabili ty t o  the first objec- 

bursts 

In the remainder of t h i s  paper we w i l l  talk as much of plans as of 

47 



results. Nevertheless, even the preliminary state of accomplishment 
which we have reached has yielded information of interest  and value. 

Part  I. hportance of A i r  Bursts 

The knowledge obtained from the study of air bursts is applicable t o  
the study of land surface, water surface, and tower bursts. 
son fo r  t h i s  can be seen by considering the processes involved. 

The rea- 

Fig. 1 outlines the processes which occur i n  a land surface burst. It 
is a complex picture of simultaneously occurring nuclear, physical and 
chemical reactions. The nuclear processes are  shown at  the top of the 
figure, namely, the formation of the primary induced and f i ss ion  prod- 
uct ac t iv i t i e s  followed by their  decay into daughter ac t iv i t i e s  or  
into stable nuclides. 
esses, i.e., environment vaporization followed by nucleation i n  the 
cooling cloud, condensation, and scavenging by late-arriving particles. 
The chart i s  divided timewise on the horizontal scale in to  a blast 
phase, and a fa l lou t  phase. 
it serves t o  orient the reader t o  the interplay of the various features 
involved i n  the overall  picture of fa l lou t  formation. 

Below these are shown the physical-chemical proc- 

The chart i s  a gross simplification but 

With regard t o  the nuclear processes, although there is much missing 
data concerning independent f iss ion y i e l d s  and the half-l ives of short- 
l ived f iss ion products, the means of estimating the missing parameters 
have been the subject of considerable study. 
ing the unknown quantit ies are therefore re la t ively strai@;htforward, i f  
not completely satisfactory.  Certainly w e  are on much firmer ground i n  
t h i s  par t  of the picture than i n  the lower part. 
the interaction of the radionuclides with molten and sol id  par t ic les  i n  
various stages of t ransi t ion it is necessary t o  have some understanding 
of par t ic le  formation i tself .  
sider is that on nucleation. 
simultaneously, f irst  by condensation and then by agglomeration. 
cleation is the f irst  step i n  the t ransi t ion from a vapor t o  a condensed 
phase, whereby clusters  of condensing atoms or  molecules f i n a l l y  attain 
a thermodynamically stable condition of existence. While nucleation is  
occurring in one par t  of the cloud, nuclei already formed i n  another 
part w i l l  be condensing vaporized material on their  surface. As the 
number and size of the par t ic les  becomes suff ic ient ly  large the possi- 
b i l i t y  of par t ic les  coll iding and coalescing becomes greater, and at 
the same time, due t o  depletion of the car r ie r  material i n  the vapor 
phase, the nucleation rate bcomes less. 

The methods of estimat- 

Before considering 

Chronologically the first process t o  con- 
This i f  followed closely, and i n  par t  

Nu- 

The par t ic les  formed by these processes w i l l  be i n  the small s ize  range, 
probably of the order of 20p or less .  When the temperature of the cloud 
has f a l l en  t o  the point where incoming s o i l  par t ic les  are no longer 
vaporized, these new par t ic les  w i l l  scavenge the previous ones. The 
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FIGURE 1. Fallout Formation Processes in A i r  and Surface Bursts. 
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number remaining unscavenged, together with the small incoming par- 
t i c l e s ,  w i l l  constitute the portion of the debris contributed t o  tzapo- 
spheric and stratospheric fa l lou t  (cf.  Par ts  (1) and (2) of the re- 
quirements outlined by Knapp and quoted i n  the previous paper, page 

42 ) a  

Mow it can be seen that subsequent interaction of these primary par- 
t i c l e s  with engulfed but unvaporized s o i l  material w i l l  obscure the 
effects  of the primary processes tha t  one sees by examination of the 
debris. In order t o  t e s t  a theoret ical  treatment of nucleation and 
condensation by the properties of such debris, one would have great 
d i f f icu l ty  not only i n  sorting out tha t  portion of the observed data 
due t o  the processes of interest ,  but a l so  i n  dealing with large un- 
cer ta int ies  i n  the quantities of s o i l  involved. 
an air burst, such a theory could be tested with much greater hope of 
success fo r  two reasons: 
accurately known; and second, the processes are  not complicated by 
scavenging. 

There are other features of air bursts which make them important i n  
themselves. 
f ract ion of their  radioactivity t o  world-wide fal lout ,  air bursts con- 
t r ibu te  vir tual ly  100% of their ac t iv i ty  t o  world-wide fal lout .  
ondly, air  bursts are valuable sources of data for  the prediction of 
f resh water surface burst phenomena such as m i g h t  occur i n  the Great 
Lakes. 
similar t o  those occurring i n  an air burst, the presence ofvaporized 
water being neglected as a first approximation. Subsequent interaction 
between the i n i t i a l  par t ic les  and the condensed water could be eluci-  
dated by laboratory studies of the interaction of air burst debris with 
water a t  high temperatures. 
data t o  the prediction of fresh water surface burst data is  not as 
reliable as m i g h t  be thought a t  first sight, due t o  the presence of 
large quantit ies of salts from the vaporized ocean water and the f ac t  
tha t  most seawater surface bursts have been barge shots and have not 
covered a very wide yield range. "he extent t o  which the presence of 
barge material and salts has altered the fundamental fa l lou t  par t ic le  
formation processes is  not known. 

On the other hand, i n  

first, the quantity of material vaporized is  
- 

Firs t ,  whereas land surface bursts contribute only a 

Sec- 

Here the i n i t i a l  debris formation processes should be very 

The application of seawater surface burst 

Finally, as w i l l  be seen from $he subsequent par t  of t h i s  paper, there 
is a good possibi l i ty  of reaching a f a i r l y  complete understanding of 
the subject of air bursts at  an early date. Tower shots would then 
form a l ink  between an air burst model and a land surface burst model 
because the i n i t i a l  par t ic le  formation processes i n  a tower shot would 
be dominated by the presence of iron, as are  air bursts, but would*have 
the additional complication of so i l ,  as i n  the case of surface bursts. 
(See Fig. 4 of the preceding paper, page 33 ). 



P a r t  11. Phenomenonology 

An air burst  begins a t  a time called the zero time, to, with the re- 
lease of a large amount of energy W i n  a small space called the fire- 
ba l l .  The par t i t ion  of e n e r a  between thermal and mechanical e f fec ts  
i s  different for  "high al t i tude" bursts (defined as bursts a t  heights 
above 100,000 f t . )  than for  air bursts at moderate heights. 
l i m i t  our discussion t o  bursts a t  moderate heights. Then about 5% of 
the energy released is  i n  the form of i n i t i a l  nuclear radiation (gamma 
rays and neutrons) and 10% i n  residual radiation (alpha, beta and gamma 
rays). The remainder i s  rather evenly d iv id . ied  between mechanical en- 
ergy (blast) and thermal energy (heat and l i gh t ) .  
description of subsequent phenomena is  a blend of tho e found i n  "The 

We w i l l  

The following 

Effects of Nuclear Weapons" and i n  Hillendahl's work. 51) 

To quote The Effects of Nuclear Weapons: 
sure within the exploding bomb the residue, consisting of f i ss ion  prod- 
ucts and a l l  other bomb materials, moves outward from the center of the 
explosion a t  a very high velocity... Af'ter a few microseconds, nearly 
a l l  of the debris is contained i n  a relatively thin shell of high den- 
s i t y  called the 'hydrodynamic front ' :  
a million degrees and it is  traveling at  a speed of several hundred 
miles per secon8. 
and a blast f ront  i s  formed. 
front (the surface of the f i rebal l ) ,"  because the mean free path of the 
radiation i n  the hot gas is  so long tha t  the transfer of energy by 
radiation i s  more rapid than by mss motion." 
the transfer of energy by radiation becomes less rapid, the shock front 
begins t o  advance more rapidly and passes it at a time when the temper- 
ature has fa l len  t o  about 300,000°C. 
"hydrodynamic separation." 
radius of about 4w0.37 m. 
cen t r ic  regions. The inner one is  ca l led  the isothermal sphere and i s  
bounded by the radiation front.  ' I t s  radius is  Re. The outer region 
consists of luminous, shock front  heated air. 
shock front,  whose radious is  R4. . (See Fig. 2 of previous paper, Page 

"Because of the very high pres- 

i t s  i n i t i a l  temperature i s  about 

.... The mass energy i s  transferred t o  the medium" 
A t  f irst  t h i s  i s  preceded by a radiation 

A s  the temperature drops, 

This phenomenon is  cal led the 
It occurs at  about 10-4 @*42 sec. a t  a 

After t h i s  the f i r e b a l l  consists of two con- 

It is  bounded by the 

30 ). The radius then grows accoring t o  the law 

where R 4  is  i n  meters, t the time i n  milliseconds, and 
ambient air density i n  g/l. Th produced by the shock 
front obscures the vision of t h  isothermal sphere u n t i l  a-time of 
3.65 x 10'3$*42-sec. called the "breakaway." 
ent temperature is  a minimum.and$the isothermal sphere again becomes 
visible.  
8900 W-O*oFdegrees ,K a t  a t i m e  of.  0.045 $0'2 sec. This time is  called 
''the time of f i n a l  maximum" and given the symbol tf. The temperature 
drops t o  3300 W-Ooo3 degrees K a t  a t i m  
dropping rate i n  t h i s  period i s  (t/tf)Q40. A t  t h i s  time (15 tf) the 

the 

A t  * th i s  time the appar- 

e temperature then rises again t a maximum value of 

of 1-5 tf. Its logarithmic 



radius of the 
exceeding 63 W 6054 m. The radiated power equation i s  given by 

s hermal sphere has levelled off t o  a value somewhat 

according t o  which 0.5% eventually becomes radiated. Here t* = t/t,. 

The cloud during th i s  time has been r is ing.  For a 1 p bujst the rise 
i n  f ee t  is given approximately by 76,000 (1 - 
about 10 min. 

seco ) out t o  

Par t  111. Par t ic le  Formation 

Three theories of par t ic le  formation have been found which apply t o  
air bursts. These consider the basic processes previously mentioned 
i n  various detai l  and lead t o  par t ic le  s ize  distributions i n  terms o 
two basic parameters: 
i s t i c  par t ic le  s ize .  
depends upon the re la t ive  importance given t o  the processes treated.  
The character is t ic  s i ze  depends upon various measurable or  estimable 
parameters. 
is determined by the mass of the device and the demand of mass balance. 
It is  expected tha t  the details of par t ic le  formation mechanisms w i l l  
be most accurately revealed by the theory which best f i t s  the observa- 
tions, and therefore that theory would form the s t a r t i ng  point fo r  de- 
veloping additional applications. 

the t o t a l  number of par t ic les  and a character- 
The shape or  functional form of the dis t r ibut ion 

Once these have been fixed, the t o t a l  number of par t ic les  

The first theory, due t o  Woodcock (2), w i l l  be quickly dispensed with. 
F i r s t ,  because it is  described i n  a confidential report, and second, 
because it has not been found t o  f i t  the observed data. The treatment 
could concievably be more applicable t o  other burst conditions. 

The second is due t o  Magee. (3)  
and condensation processes and arr ives  a t  the exponential dis t r ibut ion 

H i s  treatment emphasizes the nucleation 

where y, i s  the t o t a l  number of par t ic les  and r is  the mean radius. In 
t h i s  theorty E is  the r a t i o  of @, the radial growth rate of a par t ic le ,  
t o  a, the logarithmic growth rate of the nucleation rate I. 

The third treatment was devised by Stewart (4) . 
ess of nucleation, condensation and coagulation occurring simultane- 
ously. 

It considers the proc- 

Stewart arr ives  at  the log normal dis t r ibut ion 
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Here, again, % i s  the t o t a l  number of particles. 

given by 

The modal radius i s  

where 

v = molecular volume i n  the l iquid phase 
B 

No = i n i t i a l  number of atoms per unit volume 

To = absolute temperature a t  the time of condensation 

K = 4 kT/gy  # 3 x T = absolute temperature, Y = air viscosity 

n = concentration of nuclei 

k = Boltzmann's constant 

m = molecular mass 

A = 7500°K. 

A s  mentioned above, the most fundamental property of the predicted 
distribution i s  the i r  functional form, o r  what is  equivalent, their  
shape. 
ous ways: 
paring either slopes, areas o r  individual values. 
were considered. 
determining the shape, but a lso fo r  evaluating the parameters, i s  based 
upon converting these equations t o  l inear  form. 

These predictions can be compared with observed data i n  vari- 

A l l  of these means 
by using either d i f fe ren t ia l  or  integral  curves and by corn- 

The method found t o  be most suitable, not only for  

Thus Magee's equation 

becomes 
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so t h a t  a p lo t  of In n ( r )  vs. r w i l l  have slope - 1/; and intercept  

similarly,  Stewart's equation 
"T 

I -n? ,  

so t h a t  a p lo t  of [2 In  r)2] vs. In  r w i l l  have a slope 

of 2 In  r and an - ( I n  z ) ~ ]  

This technique has been applied t o  p a r t i c l e  size data from a number of 
air bursts. 
favor of the  other  two, but  has not permitted a choice t o  be made between 
the  treatments of Stewart and Magee. 
the  lat ter two instances i s  shown i n  Figs. 2 and 3. 
large p a r t i c l e  end of the curve i s  not s t a t i s t i c a l l y  s ignif icant ,  due 
t o  the small number of p a r t i c l e s  involved. 
the lower l i m i t  of r e l i a b i l i t y  of the data. The values for the param- 

It has resu l ted  i n  discarding Woodcock's treatment i n  

An example of i t s  application i n  
The s c a t t e r  a t  the 

The value of 5p i s  taken as 

e t e r s  obtained are: 
r = 1.8311. 

9 = 1.86 x lo6 , -  r = 0.071811; Magee, ?+ = 2195, - 
From these results one can calculate  the  following properties of the 
sample: 

Stewart Magee 

Total  Surface 0.89 mm2 0.185 mm2 

Total  Volume 2.65 x 105113 3.38 x 1 0 5 ~ 3  

Total  weight (assuming density 2.5) 652 smidgins 845 smidgins 

From these data it is seen t h a t  p a r t i c l e  s i z e  separations would have t o  
be done i n  addition t o  chemical analysls  i n  order t o  obtain the infor- 

one were a l s o  able  t o  predict  the charac te r i s t ic  p a r t i c l e  s ize  with 
reasonable accuracy, one could proceed t o  apply the treatment with some 
degree of confidence t h a t  the processes involved were well understood 
and properly t rea ted .  

-mation required t o  eliminate one of these theories .  If the surviving 
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Part  1V. Radionuclide Incorporation 

A s  indicated previously, the fractionation result ing from the inter-  
action of radionuclides wi th  the nascent par t ic les  can a l so  be 
thought of i n  two regards: first, the fractionation index, o r  r a t io  
of two extremely different behaving product radionuclides; and second, 
the  interpolated behavior of the other products. The fractionation 
index i s  the resu l t  of such vastly different properties of the mass 
chains involved tha t  there i s  hope tha t  it can be treated by a very 
simple f irst  approximation. 
nuclide w i l l  b$ distributed among the par t ic les  according t o  their  
volume o r  the cube of the i r  radius while the volat i le  radionuclide w i l l  
be distributed according t o  the surface of the par t ic les  or the square 
of their  radius. This i s  a resul t  of the assumptions that (1) the 
par t ic les  are solidified before the volatilely-behaving radionuclide 
condenses and (2)  tha t  the par t ic les  remain i n  in t imate  contact with 
the vapor phase during the ent i re  condensation period. From the dis- 
tr ibution data f o r  the debris sample i n  the previous section one cal-  
culates t ha t  the fractionation index for a given par t ic le  s ize  would 
be log (0.18 r) according t o  Magee but log (1.1 r) according t o  
Stewart. The former relationships would require 100 p par t ic les  
t o  account fo r  the degree of fractionation observed, i f  the mechanism 
described above i s  r ea l i s t i c .  The behavior of some of the inter-  
mediately fractionating radionuclides may i d s o  be handled f a i r l y  well 
on such a slnrple basis, while others w i l l  require a more refined 
treatment. This is  visualized as involving considerations of co l l i -  
sions between nascent par t ic les  and vaporized f iss ion products which 
lead t o  incorporations of the products i n  the car r ie r  material with 
certain efficiencies (accommodation coefficients ) and probabili t ies 
of escape. Additional refinements, i f  necessary, m i g h t  include con- 
sideration of diffusion i n  the particle,  correlations of accommoda- 
t ion coefficient with compound formation, and the extension of conden- 
sation theory t o  account for depletion of source material and for the  
inhomogeneous development of the f i reba l l .  

This is, tha t  the refractorily-behaving 

An important par t  of the work on the development of an air burst  model 
is the accumulation and correlation of data with which t o  tes t  it. 
Data have been gathered from the  radiochemical analyses of fractionated 
samples from a large number of air bursts. The y i e l d s  of these bursts 
range over a factor  of several hundred. 
surface bur t correlations, the logarithm of the r a t i o  of the fraction 

was taken as the fractionation index. 
over a factor  of about 100. 
radionuclide fractions were plot ted against t h i s  index. 
computation these plots  have been ' f i t ted with s t ra ight  l ines ,  the inter-  
cepts adjusted t o  zero, and slopes of cumulative p lo ts  calculated. 
Analysis of the resu l t s  i s  s t i l l  i n  progress, but some qualitative 
statements can be made: 

A s  i n  the case of high yield 

of t o t a l  Sr 8 9 present i n  given sample t o  the fraction of t o t a l  2 8 5  
The values of t h i s  r a t i o  range 

Logarithms of various other r a t io s  of 
By machine 
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1. Many, but not al l ,  of the r a t i o s  chosen indicate a gra t i fy-  
ing constancy of behavior over the range of conditions involved. 

2.  The r e l a t ive  v o l a t i l i t y  of behavior observed bears both s i m i -  
larities t o  and differences from that exhibited in*high  y ie ld  surface 
bursts,  re f lec t ing  the ident i ty  of the nuclides and the difference i n  
ca r r i e r  materials involved. 

3. The order of increasingly refractory behavior is  as follows: 

Cs137, Sr89, Srgo, C S ~ ~ ~ ,  Cdl15, U and Ag  radionuclides, Ba140, Yg’, 

Ce141, ~099, Pu and r a re  ear th  radionuclides, Zr radionuclides. 

Par t  V. Data Required from Future A i r  Bursts 

A representative sample of debris i n  s ign i f icant  size i s  the sine E 
non f o r  meaningful p a r t i c l e  and fract ionat ion data from future  air  
bu r s t s .  
land surface bursts ,  but the smaller pa r t i c l e s  present and recent de- 
velopments i n  sampling apparatus make it qui te  reasonable i n  the case 
of air bursts. 
ent  s ize  f ract ions.  
y s i s  or  ac t iva t ion  a n a l y s i s  would reveal the amount of material  i n  
each p a r t i c l e  s i ze  Traction, and from t h i s  the p a r t i c l e  s i ze  frequency 
d is t r ibu t ion  could be calculated.  Radiochemical analysis of the par- 
t i c l e  s i z e  f rac t iqns  would t e s t  the hypothesis of volume d is t r ibu t ion  
f o r  refractorily-behaving radionuclides and surface d is t r ibu t ion  for 
gaseous-behaving radionuclides. Such an experiment appears feas ib le  
and would r e s u l t  i n  v i r tua l ly  complete documentation f o r  the pa r t i c l e  
formation process. 
radionuclides within the small par t i c l e s  as the f’unction of radius.  
For macroscopic substances t h i s  i s  on the borderline of present capa- 
b i l i t i e s  but f o r  radionuclies f t  i s  qui te  beyond what we are able  t o  
do a t  the moment. 

- 
- 

This demand has been d i f f i c u l t  t o  s a t i s f y  i n  the case of pas t  

F’urthermore, these samples can be col lected i n  d i f f e r -  
If such a sample were available,  chemical ana l -  

Information s t i l l  lacking would be d is t r ibu t ion  of 

Valuable data could be obtained from l e s s  intensive t e s t s .  The mini- 
mum amount of information which would be useful  would consis t  of (1) 
suf f i c i en t  p a r t i c l e  data t o  es tab l i sh  9 and r or F f o r  the respective 
theory, and (2)  the measurement of some c r i t i F a l  extensive property of 
the debris collected,  such as the  t o t a l  mass i ron content, number of 
f i ss ions ,  e tc . ,  which could be used t o  distinguish between the merits 
of the d is t r ibu t ions  proposed. 

Experiments such as these, car r ied  out on airbursts, balloon bursts,  
and the smaller p a r t i c l e  s i z e  fractions from tower shots where the 
f i r e b a l l  did not touch the ground, tower shots loaded with s o i l  
where the f i r e b a l l  did not touch the ground, and residual clouds from 
land surface bursts, would forge l inks  f o r  the theore t ica l  chain which. 



would bind fallout formation processes under these 6iverse burst 
conditions into a unified structure. 
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A CWmISON OF FALLOUT MODEL PREDICTIONS W I T H  
A CONSIDERATION OF WIND EFFECTS 

Gilbert  J. Ferber and Jerome L.  Heffter 
U.S. Weather Bureau 

Washington, D. C .  

Over the pas t  decade, a grea t  many f a l lou t  prediction models have been 
developed by many d i f fe ren t  organizations f o r  a var ie ty  of uses. Most 
of us i n  the f a l lou t  "model-making" business are aware that  w e  deal with 
many uncertaint ies  which are ref lected i n  the discrepancies between the 
various model predictions.  
c lear ly  define and explain these uncertainties t o  the users of our pro- 
duct. One reason fo r  t h i s  i s  t h a t  the extent of the discrepancies and 
the reasons for them have not always been c lear  t o  us.  Obviously, t h i s  
i s  an unsatisfactory state of affairs and e f fo r t s  are being made t o  c la r -  
i fy  the s i tua t ion .  
t o  lead  t o  a b e t t e r  understanding of the problem than t o  an improvement 
i n  f a l lou t  predictions.  

However, we have not always been able t o  

The task i s  not a simple one and it i s  more l i k e l y  

_ - -  It may w e l l  be t h a t  the l imitat ions imposed on us by the available f a l lou t  
data make it unlikely t h a t  demonstrably b e t t e r  model can be devised. If 
this i s  so, perhaps our e f fo r t s  should be directed, not toward the develop- 
ment of s t i l l  more models, but  ra ther  toward a quantitative statement of 
the uncertaint ies  and a study of t h e i r  significance i n  nuclear a t tack 
casualty assessment problems. 

Our knowledge of f a l lou t  i s  based primarily on the data collected during 
nuclear tests a t  the Nevada Test S i t e  and the Eniwetok Proving Ground. 
Nuclear bursts  i n  Nevada have been confined t o  y ie lds  below 75 KT. Most 
of these shots were detonated on towers ranging i n  height from 100 t o  TOO 
f t .  o r  from balloons a t  heights from about 400 t o  1,500 f t .  
out prediction methods have been developed f o r  these yield$ and burs t  
conditions. There have a l so  been a f e w  surface bursts  i n  Nevada with 
y ie lds  of about 1 KT o r  less. 
included thermonuclear devices with yields  ranging up t o  about 15 MT. 

Adequate fa l l -  

Tests a t  the Eniwetok Proving Ground have 



Most detonations took place on barges i n  the Eniwetok and Bikini lagoons 
or  on the coral  reefs .  A f e w  were f i r e d  on a t o l l  islands.  

I n  a t rue  land surface burs t  over a large c i ty ,  the nature of the f a l lou t  
pa r t i c l e s  may be quite d i f fe ren t  from those produced i n  a detonation on 
a coral  a t o l l  or atop a steel tower. Hence, conclusions drawn from nu- 
c lear  t es t  data must be applied with caution t o  the rather  d i f fe ren t  
burst  conditions l i k e l y  t o  be encountered i n  a nuclear a t tack s i tuat ion.  
There are a l so  many d i f f i c u l t i e s  i n  the analysis and interpretat ion of 
the f a l lou t  data.  This i s  gar t icu lar ly  t rue for t e s t s  a t  Eniwetok since 
the f a l lou t  descends over vast  s t re tches  of the Pacif ic  Ocean. 

Therefore, it i s  not surprising t h a t  the many f a l lou t  models which have 
been developed f o r  nuclear a t tack damage assessment applications show 
considerable differences i n  the predicted f a l l o u t  pat tern.  

Fig. 1 i l l u s t r a t e s  some fa l lou t  predictions derived from several models 
currently i n  use. The predictions are for a 1 MI?, all f i ss ion ,  land sur- 
face burs t  with a constant 25 mph wind speed from the ground t o  the top 
of the cloud. 
spread of the f a l lou t  sector, i s  taken t o  be 0.2 knots per 1,000 f t .  
contours show the hypothetical H+1 dose-rates a t  3 f t .  above an i n f i n i t e  
plane. Dose rates above average t e r r a in  would be about 7 6  of the i n f i -  
n i t e  plane dose rates. 

The ver t ica l  wind shear*, which determines the angular 
The 

The WSEG-RM-10 prediction i s  taken from the  Weapons Sy t m Evaluation 
Group, Research Memorandum No. 10 by Pugh and Galiano.?lY This model has 
been used by the National Resources Evaluation Center f o r  nuclear a t tack 
casualty assessment. 

The pat tern labeled WSEG-NAS i s  a revision of the WSEG model i n  accord- 
ance with the as ye t  unoff ic ia l  and unpublished recommendations of the 
National Academy of Science Working Group on F82lout Models for Attack 
Damage Assessment. The working group w a s  forme$ a t  the request of the 
Office of Civi l  and Defense Mobilization (now Office of Emergency Plan- 
ning) t o  recomnend a model f o r  t h e i r  use. This model represents a rea- 
sonable compromise but  i s ' c e r t a in ly  not intended t o  be the f i n a l  word i n  
f a l lou t  prediction . . 
The next pat tern represents the Weather Bureau model (2 )which was developed 
p r i q r i l y  f o r  f a l lou t  prediction i n  connection with nuclear t e s t s .  
model has been revised s l igh t ly  for-appl icat ion t o  surface burs t s  i n  the 
megaton range and has a s 0  been used i n  a t tack damage,assessment exercises.  

The 

, - 
- +  

. _  _ .  
I 

* The ve r t i ca l  wind shear 
ponent of the ve r t i ca l  wind shear, measured perpendicular t o  the mean 
wind vector. !The mean wind i s  defined as the vector average of all the 
winds from the ground t o  some chosen l eve l  i n  the mushroom top of the 
nuclear cloud. 

as used i n  t h i s  paper , - i s  actual ly  the com- 
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The AFCIN model(3) w a s  developed by the A i r  Force Intell igence Center 
primarily f o r  the assessment of the e f f ec t s  of a nuclear counterblow on 
enemy t e r r i t o r y .  
ed i t ion  of The Effects of Nuclear Weapons. ?if It is  based on the Wea- 
t h e r  Bureau model w i t h  simplified scaling laws which enable the user t o  
adjust  f o r  weapon s ize  or wind speed. 

The last pa t te rn  i s  one w h will appear i n  the new 

A t  first glance, the most striking feature  i s  the d ispar i ty  between the 
A F C I N  prediction and a l l  the others. 
of a war game i n  which the AFCIN model is used t o  determine the f a l l o u t  
s i t ua t ion  over eneqy t e r r i t o r y  while OUT own f a l l o u t  problem is  evalua- 
ted  with one of the other  models. 
leading i n  that the greatest  differences among the models appear i n  the 
lower dose-rate contours, well below the casualty-producing range. 

One may wonder about the outcome 

Actually t h i s  picture  i s  somewhat mis- 

In  Fig. 2, we have p lo t ted  the hypothetical H+1 dose r a t e  as a function 
of the distance.from ground zero f o r  some of the pat terns  shown i n  Fig. 1. 
Note that the extent of the 1 r/hr. contour var ies  f r o m  200 t o  800 m i .  
with d i f fe ren t  models but  the uncertainty i n  the prediction decreases f o r  
the higher dose ra tes .  
dose rates than the other  models i n  the first 50 m i .  
curve predicted by the Rand Corporation model(5) i s  a l so  shown. 
mdel i s  in te res t ing  i n  tha t  it predicts  a lower peak dose and the peak 
occurs a t  some distance from the burs t  point. 

Also notice that the AFCIN model predicts  higher 
A portion of the 

The Rand 

I n  Fig. 3 we are st i l l  looking at the sane predictions.  
p lo t ted  curves of H+1 dose rate versus area covered, f o r  several  of the 
models. The areas under the curves represent the t o t a l  a c t i v i t y  i n  the 
f a l l o u t  pat terns  within the 1 r/hr. contour. 
2,500 r/hr. miO2/KT i n  the WSEG-RM-IO pattern,  2,400 r/hr. miO2/KT i n  the 
WSEG-NAS pattern,  about 2, OOO r/hr. m i  .2/K!T i n  the Weather Bureau pat- 
t e r n  and about 800 r/hr. mi.2/KT i n  the AFCIN pat tern,  Thus, there is  
approximately a factor of 3 difference in t o t a l  act iv i ty  within the 
1 r/hr. contour as predicted by AFCIN and WSEG-NAS. The a c t i v i t y  t o t a l  
i n  the WSEG-NAS mdel is that recommended by the Academy of Science Work- 
ing Group on Fallout  Models as a best estimate. However, the number i s  
s t i l l  open t o  question and there is  no c lea r  proof that the AFCIN t o t a l  
i s  incorrect.  

Note that the-models differ not only i n  the t o t a l  amount of a c t i v i t y  which 
appears within the 1 r/hr.- contour but  a l so  i n  the d is t r ibu t ion  of the 
ac t iv i ty .  
rate contours than do the other  mdels. 
v i t y  by a fac to r  of 3 would not bring AFCIN into line with WSEG-NAS, if  
the assumed a c t i v i t y  d is t r ibu t ions  remain unchanged; 

Fig. 4 shows the predicted dose ra t e  versus bwnknd distance f o r  a 10 MT, 
all f i ss ion ,  surface burs t  with the same wind conditions as before. 
this yield, the extent of the predicted 1 r/hr. contour var ies  f r o m  550 
t o  over 1,200 mi. downwind. The 1,OOO r/hr. predictions vary from 100 t o  
about 230 m i .  

Here we have 

The t o t a l  a c t i v i t y  is  

The AFCIN model puts even more a c t i v i t y  i n  the very high dose- 
Thus-multiplying the t o t a l  acti- 

For 

It is  a l so  in te res t ing  t o  look at the various dose-rate 



predictions at  a given distance. A t  100 m i . ,  f o r  example, the predicted 
H + l  dose r a t e s  vary f r o m  1,OOO r/hr. to 3,500 r/hr. 
i s  f r o m  80 t o  500 r/hr.; and a t  500 mi. ,  f r o m  3 t o  80 r/hr. 

Notice that the A F C I N  curve now falls e n t i r e l y  below the other curves, 
except f o r  the Rand prediction i n  the first 50 m i .  Thus, we see that the 
re lat ionship between model predictions i s  not constant, but var ies  with 
the s ize  of the detonation. 
possible t o  reconcile the various models without delving in to  the details 
t h a t  went i n to  t h e i r  development. 

A t  300 mi. the range 

It is  t h i s  s o r t  of thing which makes it im- 

So far, we have compared idealized, cigar-shaped pat terns  under uniform 
wind conditions. In Fig. 5, we have used an actual  wind sounding w i t h  
about 90° of angular shear t o  compare the WSEG-NAS idealized pat tern with 
resu l t ing  f r o m  a detai led computation w i t h  the Weather Bureau model. The 
WSEG pat terns  are  superior t o  most idealized pat terns  i n  that they incor- 
porate v e r t i c a l  wind shear as a variable i n  addition t o  wind speed. Due 
t o  the large angular shear and somewhat lower wind speed, the pat terns  
are shorter  and wider than those i n  Fig. 1. However, the ideal ized pat- 
tern is synaetrical about an ax is  which l i es  along the direct ion of the 
mean wind f r o m  the ground t o  the lower portion of the mushroom head of 
the nuclear cloud. The deta i led  computation, which takes in to  account 
the winds a t  all levels,  r e su l t s  i n  an asymetrical pattern.  The "hot- 
line" is  i n  the same direct ion but there  is  no f a l l o u t  t o  the e a s t  of 
this l i n e  and a considerable bulge t o  the west. It is  evident that  the 
ideal ized pattern,  based on a single  wan wind, does not always present 
an accurate picture  of the f a l l o u t  area. 

In Fig. 6 we tu rn  f o r  a moment t o  f a l l o u t  prediction f o r  the c r i t i c a l  
area immediately upwind of the ground zero. Since the mushroom cloud 
f rom a 10 MI detonation has a radius of about 27 m i .  ( a t  10 minutes after 
burst) ,  f a l l o u t  might be expected t o  occur at  a considerable distance 
upwind of the ground zero. The upwind f a l l o u t  e s t i  ~6 f r o m  the "Capa- 
b i l i t i es  of Atomic Weapons", Technical Manual 23-200 , which i s  shown 
here, i s  typ ica l  of the e a r l i e r  estimates of upwind f a l l o u t  based on 
Pacif ic  t e s t  data. The curve i s  labe l led  "Old TM 23-200'' since a re- 
vision of t h i s  manual i s  i n  preparation. With a 25 mph man wind the 
10 r/hr. l i n e  w a s  predicted t o  extend about 26 

tions,  indicate  that the upwind f a l l o u t  problem w i l l  probably be l e s s  
severe than was fomer ly  believed. The reason f o r  t h i s  is t h a t  the Pacif ic  
tests w e r e  conducted under conditions of very l igh t  mean winds, generally 
less than 10 mph. The mean winds i n  the United S ta tes  are much stronger, 
generally over 25 mph and, i n  winter of ten exceeding 60 mph. Fallout 
pa r t i c l e s  f r o m  the upwind portion of the nuclear cloud would be carr ied 
back toward ground zero by these winds, thus decreasing the upwind extent 
ef the f a l l o u t  pattern.  
the 100 r/hr. contour w i l l  extend 4 t o  7 m i .  upwind rather than 11 mi. 
The 10 r/hr. l i n e  i s  predicted at  7 t o  10 m i .  rather than 26 mi. and v i r -  
t u a l l y  no f a l l o u t  i s  expectedbeyond about 12 m i .  upwind. 

t 

e s  upwind. *re recent 
studies, here represented by the Weather Bureau ?Y 7 and WSEG-NAS predic- 

The Weather Bureau and WXEG models predict  that 

This i s  f o r  a 
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25 mph man wind from the ground t o  about 40,OOO f t .  
there would be even l e s s  upwind fal lout .  
high dose rates have not changed s igni f icant lybut  these are rather aca- 
demic since they are within the area of nearly total destruction f r o m  
b l a s t  and fire. 

W i t h  higher winds 
The predictions f o r  the very 

Next we w i l l  take a look at the effects  of wind speed on the downwind 
fa l lou t  pattern. 
tance are shown f o r  the WSEG-NAS 10 MT patterns f o r  10, 20 and 40 knot 
mean winds w i t h  the same angular wind shear in all cases. 
increasing the wind speed lowers the dose rates close to ground zero and 
increases the dose rates at  greater distances. The dose rate at  a given 
distance may vary by more than a factor  of 10 due t o  wind speed alone. 
A t  600 mi. ,  f o r  exemple, the dose ra te  varies f r o m  5 r/hr. with a 10 knot 
wind to  45 r/hr. at  20 knots and 90 r/hr. at 4 0  knots. 

In Fig. 7 curves of H + l  dose rate versus downwind dis- 

Note that 

The ef fec t  of wind speed can be described by a very simple scaling l a w .  
If the angular spread is  kept constant, doubling the wind speed w i l l  
result i n  + the dose ra te  at  twice the distance. 
wind we have 4 r/hr. at about 625 mi. 
dose rate, o r  1 r/hr. at twice the distance, o r  1,250 mi. 

~ h u s ,  w i t h  a 10 knot 
With a 20 knot wind we have the 

Fig. 8 shows the ef fec t  of varying the ver t ica l  wind shear w h i c h  governs 
the angular spread of the fa l lou t  sector. 
ra te  versus downwind distance f o r  a 10 Mp burst w i t h  20 knot mean winds. 
In  going f r o m  0.1 to 0.2 knots/l,000 f t .  we are doubling the angular spread, 
and doubling again i n  going from 0.2 t o  0.4 knots/l,000 It. 
the dose rate at any distance is  inversely proportional to the angular 
spread. 
a shear of 0.1 kaots/l,000 ft. 
rate, 200 r/hr.; doubling again, we obtain 100 r/hr. 
zero the change is much s a e r  since the diameter of the nuclear cloud 
is large camped to the spread due t o  directional wind shear. 
the angular wind shear decreases w i t h  increasing wind speed, so that 
strong winds w i l l  tend to deposit the fa l lou t  in long n a r r o w  patterns, 
w i t h  high dose rates extending out to great distances. 

Again we have curves of dose 

In general 

A t  380 mi., f o r  example, the dose rate is  400 r/hr. at H + l  with 
Doubling the shear, we obtain 3 the dose 

V e r y  close to ground 

In general, 

W e  w i l l  now focus on predictions i n  the c r i t i c a l  area where the radiation 
dose is  i n  the lethal. range. 
d a t i v e  4-day dose t o  a completely unsheltered population. 
terns are f o r  a 10 MT fission yleld w i t h  a 25 mph mean wind. 
of 0.7 was used f o r  te r ra in  shielding but no other shielding o r  biologi- 
cal  repair  factor  was included in the calculation of the 4-day dose. 

It is estimated(4) that no fatalities wi l l  occur with an exposure of l e s s  
than 200 r, 450 r w i l l  result in about 50$ fatalities and exposure to  
about 700 r or  more over a period of a f e w  days w i l l  result i n  close t o  100s fa ta l i t y .  

In Fig. 9 we have drawn contours of the 
The pat- 

A factor  
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Both the WSEG-1pAs and Rand models predict 1- f a t a l i t i e s  f o r  an unsheltered 
population i n  an area about 40 miles wide extending about 200 m i .  down- 
wind. In the AFCIN prediction, this area extends only 1 %  mi. downwind. 
A t  a distance of 260 mi., where WSEG-NAS and Rand predict 450 r o r  50% 
fa ta l i ty ,  AFCIN predicts l20 r, or  no fatalities. 

Wow i f  we assume a sheltered population, w i t h  an arbi t rary shielding 
factor  of 10, an outside dose of 4,500 r is required t o  produce 50$ fatal- 
i t ies.  A shielding factor  of 10, o r  better,  i s  provided by the basement 
of a frame house . 
and AFCIN are now i n  agreement w i t h  only 2,500 r at t h i s  distance. 
area i n  which WSEG and AFCIEJ would predict 1ooq& f a t a l i t i e s  (7,000 r o r  
greater), even w i t h  a shielding factor  of 10, i s  about 10 t o  20 m i .  wide 
and, at most 60 mi. long. However, according t o  the Rand model, an out- 
side dose of greater than 7,000 r may not occur anywhere i n  the fa l lou t  
pattern f o r  this yield and wind speed. 

The WSEG model predicts 4,500 r at 75 m i .  while Rand 
The 

Fig. 10 shows the e f fec t  of Kind speed on casualty estimates based on the 
WSEG-PBAS prediction f o r  a 10 MT f i ss ion  yield. 
for  wind speeds of 10, 20, 40, and 60 knots, the percentage of deaths due 
t o  fa l lou t  which is  expected along the axis of the f a l lou t  pattern as a 
function of distance from ground zero. 
various wind speeds it w a s  assumed that the angular wind shear i s  inversely 
proportional t o  the wind speed. 
the uncertainty i n  the relationship between dose and biological effect .  

"he hatched areas indicate, 

In computing the doses for the 

The widths of the hatched areas ref lec t  

F i r s t ,  consider the case where the population has no shielding whatso- 
ever. With 10 knot winds, we may expect loo$ f a t a l i t i e s  out t o  about 
140 m i .  w i t h  110 fatalities beyond about 200 mi. With a 60 knot wind, 
100s f a t a l i t y  i s  expected out t o  about 400 mi. w i t h  no deaths due t o  
fa l lou t  beyond 700 m i .  
However, when we apply a shielding factor  of 10 t o  the same dose predic- 
tions, the results are very different.  The area of loo$ f a t a l i t y  extends 
about 50 mi .  regardless of the winds. W i t h  a 10 knot wind, no deaths are 
expected beyond 90 m i .  and even with a 60 knot wind there should be no 
f a t a l i t i e s  beyond 220 m i .  

Wind speed is  evidently a c r i t i c a l  factor  here. 

The ef fec t  of shielding is quite striking. . 

If we are interested i n  the ent i re  f a l lou t  pattern produced by a single 
nuclear burst, we find that the various models can give very different 
results. Also, wind conditions can drast ical ly  e f fec t  the dose-distance 
relationship as well as the orientation and shape of the pattern. If 
our in te res t  i s  confined t o  doses i n  the l e tha l  w e ,  and especially 
i f  a shielding factor  i s  added, we f ind that the discrepancies among the 
various model  predictions are smaller and the effect  of wind speed on 
these high doses is also much smaller. Nevertheless, these differences 
are st i l l  quite important in the c r i t i c a l  range from about 200 t o  TOO r 
where relat ively small changes i n  dose result i n  large changes i n  the 
f a t a l i t y  estimates. 
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Finally, when we consider nuclear attack damage assessment on a nat ional  
scale, with the additive effects  of hundreds of nuclear bursts, the sig- 
nificance of the fa l lou t  model  uncertainties and wind conditions fo r  the 
over-all casualty estimate is not at a l l  clear. 
fa l lou t  patterns frommany bursts, the lower dose-rate contours, for  which 
predictions are l e a s t  consistent may become important. 
quite interesting and enlightening t o  run a darnage assessment problem 
several times f o r  a selected attack situation, using a different fa l lou t  
model each time. 
evaluated and compared, f o r  example, with the uncertainty i n  the shield- 
ing asmnrptions. 
f s l l ou t  models f o r  attack damage assessment can be determined i n  a realis- 
t i c  manner. 

With the over-lapping of 

It might prove 

Then the uncertainty due to the fa l lou t  model may be 

I n  this way, the accuracy and precision required of 

Similarly, the e f fec t  of wind forecast errors  can be evaluated by running 
problems with both forecast  and actual winds. The resul ts  of past damage 
assessment exercises seem to suggest that wind conditions do not greatly 
a f fec t  the t o t a l  number of casualties. However, the winds w i l l  determine 
where the fa l lou t  casualties w i l l  occur. 

We must learn t o  l i ve  w i t h  the f a c t  that large uncertainties are inherent 
i n  all fa l lou t  model predictions. 
hope f o r  significant improvements i n  the absence of a ser ies  of nuclear 
tests designed primarily for  the sc ien t i f ic  study of fa l lou t  phenomena. 
Hence, e r ror  analyses and the development of s t a t i s t i c a l  techniques t o  
handle the uncertainties are at least as important as continued ef for t s  

- 
Further, there i s  l i t t l e  reason t o  

t o  

1. 

2. 

3. 

4. 

5 .  

. -  

improve the fa l lou t  models f o r  mc lea r  attack damage assessment. 
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THE EARLY TRANSPORT OF NUCLEAR DEBRIS 

P h i l l i p  W. Allen, Frank D. Cluff and Isaac van der Hoven 
Research Stat ion 

U. S. Weather Bureau 
Las Vegas, Nevada 

Introduction 

The annoFced purpose of t h i s  conference was t o  provide a review of new 
information and developments i n  f a l l o u t  research, and t o  discuss fu ture  
needs of the program. 
ments i n  our a b i l i t y  t o  predict close-in f a l lou t ,  and some of the needs 
of the purely meteorological end of f a l l o u t  prediction. 
these needs comes from my observation and study of the a c t i v i t i e s  of 
United States weather and f a l l o u t  prediction un i t s  since Operation 
SANDSTONE i n  the Pac i f ic  i n  1948, and more par t icu lar ly  from the work 
of the Weather Bureau Research Stat ion a t  the Nevada T e s t  Site since 
1956. This s t a t i o n  has served as the Weather Prediction Unit f o r  a l l  
continental  United States nuclear tests since Operation PLUMBBOB i n  
1957 and i s  continuing i n  t h i s  capacity f o r  the tests of nuclew rocket 
and ramjet engines, which produce very low levels of atmospheric con- 
tamination. If, i n  my remarks, I use the term nuclear debris it i s  
because the word "fal lout"  implies pa r t i c l e s ,  and t h i s  i s  only part of 
the problem. The gaseous components of nuclear debris a l s o  present an 
environmental problem, par t icu lar ly  i n  reactor  tests.  

I w i l l  discuss a few re l a t ive ly  minor improve- 

My concept of 

Variabi l i ty  

Outside of that posed by the mere existence of debris or  f a l lou t ,  the 
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one problem tha t  i s  the most d i f f i c u l t  t o  solve, the one which gives 
operations people grea tes t  concern, and which results i n  the otherwise 
needless cost  of many thousands of do l l a r s  f o r  some nuclear events, i s  
wind var iab i l i ty .  This charac te r i s t ic  of air  motion has defied pre- 
dict ion,  and i n  most meteorological considerations has been taken as 
one of the f a c t s  of l i f e ,  something we j u s t  l i v e  with and accept. How- 
ever, i n  t h i s  f i e l d  where the 'transport of radioactive debris i s  in-  
volved, perhaps closer  investigation i s  worthwhile. 

A schematic of the spectrum of atmospheric motions i s  shown i n  Fig. 1. 
The s izes  of eddies or  the lengths of wave motions range a l l  the way 
from Brownian motion on the small end t o  hemispheric on the large end. 
All scales  e x i s t  every day, but the frequency of occurrence of a given 
scale  may change from day t o  day or from place t o  place depending on 
the existence or  suppression of the appropriate driving mechanism. 
a l l  scales  of eddies are driven i n  exactly the same way but most of them 
a re  influenced by the d is t r ibu t ion  of pressure and heat i n  the atmos- 
phere, and t h i s  changes with season, cloudiness, surface slope, e t c .  

+ 

Not 

The s i ze  range of nuclear clouds, at time of s t ab i l i za t ton  following 
explosions, falls roughly midway i n  t h i s  spectrum, being la rger  than 
whirlwinds but smaller than such mesoscale c i rculat ions as thunderstorm 
high pressure c e l l s .  They cover about the same horizontal  areas  as 
drainage winds i n  a mountainous area but have must greater  v e r t i c a l  
extent .  

On the other side of Fig. 1 are shown the  scales  of measurement of winds. 
A t  the  low end the average wind vane and anemometer respond t o  c i rcula-  
t ions  of the order of a meter or  more across.  A r i s i n g  sounding balloon, 
on which posit ions a r e  p lo t ted  every minute, w i l l  indicate motions of 
the order of tens  or  hundreds of meters across, and has the advantage of 
measuring a t  high a l t i t u d e .  
complete job of recording motions larger  than th i s ,  although rocket- 
sondes with chaff clouds and smoke puffs a r e  used e f fec t ive ly  at very 
high a l t i t udes ,  and constant l eve l  balloons a re  useful  a t  individual 
a l t i t udes .  

No s ingle  instrument or  device does a very 

To describe completely the motion of an eddy i n  a q  scale  it is  necessary 
t o  sample frequently or  continuously a t  several  points i n  the eddy. 
spacing of the Weather Bureau's upper air sounding s ta t ions  is between 
lo5 and lo6 meters (60 t o  300 miles). 
and anticyclones, upper l e v e l  ridges and troughs of pressure systems 
t h a t  carry major changes of weather. However, mesoscale c i rculat ions 
are frequently not detected o r  if detected are poorly defined by t h i s  
network. 

The 

This i s  adequate t o  define cyclones 

For t h i s  reason, with the t e s t ing  of nuclear weapons it became necessary 
t o  have upper air soundings closer  together. The usual Nevada Test S i t e  
(NTS) sounding network f o r  large atmospheric tests has had a s t a t ion  
spacing of about 50 miles. In recent years with nuclear rocket engine 
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FIGURE 3. DISTANCE FROM GROUND ZERO-MILES. 

LINES OF MAXIMUM SURFACE DEPOSITION (HOT LINES)  

FROM NUCLEAR DETONATIONS, OPEEATION PLUMBBOB. 

FIGURE 4. 
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t e s t s  it has become necessary t o  reduce the spacing t o  something l i k e  
15 miles between s ta t ions .  
possible t o  detect  most waves o r  perturbations of a s ize  t h a t  would 
carry a small radioactive cloud astray.  
located i n  an even denser grid t o  detect  smaller surface eddies and 
slope-induced winds. Much of the meteorological study i n  progress at 
the NTS during recent years has been directed toward a full understand- 
ing of slope winds and mesoscale c i rculat ions peculiar t o  the  area of 
southern Nevada. Other work has the objective of handling predictions 
s t a t i s t i c a l l y ,  i n  which the probabili ty of occurrence of a given wind 
i s  made avai lable .  These s tudies  have resu l ted  i n  a de f in i t e  improve- 
ment i n  the weather service provided f o r  the Nevada Test Organization. 

With three o r  four such s ta t ions  it i s  

Anemometers on towers a re  

Why a r e  we so concerned about these r e l a t ive ly  small scale wind per tur-  
bations? 
dividual wind soundings non-representative, thereby possibly influencing 
the forecaster  t o  make a wrong decision, and the other because the pres- 
ence of a perturbation a t  zero time may wel l  r e s u l t  i n  a nuclear cloud 
being car r ied  i n  an unpredicted and undesirable direct ion.  

For two reasons, one being that small perturbations make in- 

The f a l l o u t  pa t te rn  from the Smoky event i n  Operation PUTMBBOB, shown 
i n  Fig. 2, i l l u s t r a t e s  how the bes t  f a l l o u t  prediction i n  the world can 
be of l i t t l e  value unless the wind direct ions and wind changes a re  pre- 
dicted correct ly .  
l i t t l e  of the predicted area i f  the wind direct ion forecast  were off by 
as much as loo. 

Long narrow pat terns  like this would fa l l  on very 

Fig. 3 shows how far from a predicted location f a l lou t  p a r t i c l e s  w i l l  
s t r i k e  the ground f o r  each 10' i n t e rva l  of wind direct ion e r ro r .  The 
prediction group f o r  Operation HARM'ACK I1 has a median e r ro r  of 15' 
i n  6-hour predictel: wind direct ions between 15,000 and 25,000 f t .  A t  
a distance from the S i t e  of 40 miles t h i s  represents an e r ro r  of 10 
miles in cloud location. 
o r  40°. 
t i on  f i e l d s  with respect t o  people. 
c idental  because i n  these cases it w a s  known i n  adknce  that the direc- 
t ions  might vary  greatly,  and speeds were low enough t h a t  heavy f a l l o u t  
would not reach inhabited areas.  These factors  were considered i n  
decisions t o  proceed with the tests. 

Several direct ion errors were as high as 30' 
Fortunately, none of these e r ro r s  involved s igni f icant  radia- 

This safety feature  w a s  not ac- 

Fig. 4 shows the "hot-lines'' or  center-l ines of maximum f a l l o u t  f o r  the 
Operation PUIMBBOB events. 
t ions  and loca l  c i rculat ions on f a l l o u t  pat terns .  
these perturbations' are from roughly twenty miles 60- values la rger  than 
the area shown, over 150 miles across. 
escaped detection i n  the analysis .  

We have no very good information on the l i f e  expectancy o r  period of 
persistence of individual mesoscale waves but several  have been obser- 
ved t o  p e r s i s t  f o r  periods of half  an hour or  more whereas only a few 

This i l l u s t r a t e s  the effects of perturba- 
The wave lengths of 

Smller perturbations undoubtedly 
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of the la rger  ones have been traced through a 6-hour period i n  Nevada. 
It is completely impossible, with networks, sounding procedures, and 
data handling f a c i l i t i e s  now i n  use, t o  detect ,  neaswe and predict  or 
extrapolate perturbations of t h i s  scale .  We can detect  them and some- 
times can indicate  roughly t h e i r  maximum e f f ec t  on a cloud t ra jec tory .  
Sounding balloons take from several  minutes t o  an hour t o  r i s e  through 
the layers  i n  question and several  more minutes a re  required t o  process 
the data. By the time t h i s  has occurred and the forecaster  can evalu- 
ate the meaning of the data and compute future  motion the wave w i l l  
have moved through the area or w i l l  have disappeared. A good example 
of t h i s  occurred with the t e s t  of the reactor  K i w i  A i n  1959 (Fig. 5) 
when a perturbation of a t  l e a s t  an hour duration caused the motion of 
the cloud of the exhaust t o  depart from the predicted 190° wind direc- 
t i on  by 15' on one s ide  then return t o  10' on the other side.  The ac- 
t i v i t y  l eve l  f o r  t h i s  event was very low and t h i s  departure is only of 
i n t e r e s t  as an i l l u s t r a t i o n  of w h a t  can happen. 

Many of the eddy motions i n  the atmosphere must now be considered t o  be 
random i n  the sense t h a t  t h e i r  cause, source, his tory and dimensions 
are obscure. The speed and accuracy of the NTS radar wind p l o t t e r  and 
surface weather network have contributed much t o  operational f a l l o u t  
safety.  However, w e  believe t h a t  it w i l l  eventually be within our 
capabi l i ty  t o  handle in te l l igent ly ,  operationally, and on a dynamic 
ra ther  than s t a t i s t i c a l  basis, smaller scales of motion than w e  now do, 
and w e  suggest t ha t  more of our l imited meteorological t a l e n t  m i g h t  well 
be applied i n  t h i s  direct ion.  

Future Needs 

The obvious goal i n  a l l  air pol lut ing a c t i v i t i e s  should be, and is, t o  
eliminate sources of pollution. However, the sitnple f a c t  remains t h a t  
the number of sources of radioactive and toxic  pol lutants  i s  growing 
s teadi ly .  Instead of wishing them t o  hurry up and go away, meteoro- 
l o g i s t s  should be preparing t o  l i v e  with some of them f o r  a long time. 

The ultimate goal i n  meteorological support of projects  involving toxic  
air pollution, whether from A-bomb fa l lou t ,  nuclear engine exhaust 
gases, toxic  chemical rocket exhausts, or i ndus t r i a l  waste, should be, 
i n  my opinion, t o  develop a high speed weather data handling and com- 
puting system f o r  mesoscale application, t o  go along with the develop- 
ment of a large-scale forecasting system of the National Meteorological 
Center's Numerical Unit. This mesoscale un i t  should include: 

1. A close network of s t a t ions  around each source, reporting upper air 
data frequently o r  even continuously. 
zontally and ve r t i ca l ly  should be designed t o  detect  wind pressure 
and temperature changes which r e s u l t  i n  changes of wind and 

Network grid spacing hori-  
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2. 

3. 

4. 

s t a b i l i t y ,  j u s t  t o  determine the appropriate gr id  spacing requires 
knowledge not now avai lable .  
made of means f o r  continuously reporting upper air data. 

Sone development i s  already being 

Instantaneous telemetering of information t o  cen t r a l  analysis  and 
computing faci l i t ies .  
expensive. 

This i s  now physically possible, but very 

Computing stream functions and temperature f ie ld  over the grid, 
then extrapolating these perhaps as much as 6 hours in to  the  fu%ure. 
The real obstacle t o  t h i s  system is the development on mathemati- 
c a l  models of mesoscale processes, and th i s  is  where addi t ional  re- 
search should be concentrated. 

Distribution of forecasts  t o  users.  Such a high speed system would 
be of l i t t l e  value operationally unless i t s  r e s u l t s  were avai lable  
and useful  immediately. Specific applications should include fore-  
ca s t  in te rpre ta t ion  t o  the extent t h a t  acceptable forecasts  would 
be so labeled and those presenting weather unacceptable f o r  the 
pa r t i cu la r  operation would be clearly marked t o  eliminate loss  of 
time for  forecast  in te rpre ta t ion  on the p a r t  of the operations 
people 

Whether the large amount of e f f o r t  necessary t o  r ea l i ze  such a complete 
mesoscale prediction system would be worth the cost  i n  value t o  weapons 
tes t  f a l l o u t  predict ion alone i s  d i f f i c u l t  t o  determine. It would re- 
quire investing e f f o r t  i n  research un i t s  t h a t  are better equipped f o r  
t h i s  kind of work than our small tes t  support group i n  Nevada. We are 
i n  the posi t ion t h a t  many close-in f a l l o u t  pat terns  have been l a id  down 
without obvious change i n  the  environment of the Nevada Test Si te ,  and 
without excessive exposure of the  of f - s i te  population t o  f a l l o u t  radia- 
t ion .  
pa t te rns  of motion occurred i n  which it was possible t o  assure f a l l o u t  
safety.  But these delays are cos t ly  and it might be possible t o  reduce 
them somewhat with more e f fec t ive  and confident use of marginal weather 
s i tua t ions .  The primary ju s t i f i ca t ion  f o r  t h i s  system i n  Atomic Energy 
Commission operations would probably be i n  i t s  contribution t o  safety 
through establ ishing rapid and accurate indications of wind both 
current ly  and f o r  a short tlme i n t o  the  fu ture .  

This has been accomplished simply by waiting u n t i l  atmospheric 
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AN INTERPRETATION OF GLOBAL FALLOUT 

L. Machta, R. J. L i s t  and K. Telegadas 
U. S. Weather Bureau* 

Washington, D. C. 

Introduction 

This  paper w i l l  cover the following subjects: 
prior t o  the U.S.S.R. 1961 nuclear t e s t s ;  the goegraphical and temporal 
distribution of stratospheric fa l lou t  during the period 1959 t o  1961 when 
very l i t t l e  of the f iss ion product radioactivity was of tropospheric origin 
and f ina l ly  a prediction of the S r w  fal lout  from the U.S.S.R. 1961 tes t s .  

An inventory of Srw 

The Inventory of S r w  Prior  t o  September 1961 

There are t w o  parts t o  the determination of the  Srw inventory. 
the residual atmospheric content must be measured by f i l t r a t i o n  of the 
air a t  many 

deal first with the atmospheric content. 

F i r s t ,  

laces and a l t i tudes  in the atmosphere and second, the 
deposited Sr Bo must be obtained by one of several techniques. We shall 

In M y  1960 the High Altitude Sampling Program of the Defense Atomic 
Support Agency was succeeded by a semi-annual program of  monitoring i n  
time and a l t i t u  e a t  4 latitudes. 
displays the Srh concentrations i n  the  atmosphere i n  November 1960. 
The data on this figure emphasize the broad governmental contributions 
largely instigated and supported by the Fallout Studies Branch of the 
U. S. Atomic Energy Commission (AEC) in measuring atmospherig radio- 
activity.  
of dally f i l t e r  collections made by the weather services along the &th  
meridian (West) and analyzed by the U. S. Naval Research Laboratory. 

* Research conducted under the auspices of the  Fallout Studies Branch, 
Dividion of biology and Medicine, U. S. Atomic Energy Commission. 

These are shown i n  Fig. 1 which 

%round level  observations are obtained on a monthly composite 
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APPROXIMATE NUCLEAR CLOUD DIMENSIONS 

v) 

2 n a a 
a 
0 

5 
‘3 
W 
I 
n 
3 

0 
s 
a a 
W 
J 
0 
2 z 

VARlAE!LITY IN CLOUD TOP I ***... 

I / “‘P 
6 0  I / I  

0. I I I I 1 1 1 1  I I I I 1 1 1 1  I 1 I I 1 1 1 1  
500 100 200  2 0  50 5 IO I Klloton 2 

TOTAL WEAPON YIELD (TNT EOUYALENT) 

I 
I =r I 

Megaton 2 5 IO 2 0  

Prspared b y  Spsclal Praiectc Section, 
U.S. Weather Bureau. Worhmpton, D . C  
September 1959 

Figure 10. An Estimate of the Top and Lateral Dimension of Stablized Nuclear 
Clouds as a function of the Yield of the Xuclear Detonation. 



GEOCHEMICAL STUDIES ON THE STRAT0SPHE:KIC FALLOUT 

P.K. Kuroda, H.L. Hodges, M.P. Menon, Tin Mo, Joe Nix, L.M. Fry and 
H.E. Moore* 

Department of Chemistry 
University of Arkansas 
I'ayettville, Arkansas 

Introduction 

This report gives a brief summary of the work being carried out in 
this laboratory on the radioactive fallout since the fall of 1958. 
The topics under investigation include: (a) nuclear fission in the 
early history of the earth, (b) spring peak of SrgO fallout, (c) 
fallout from nuclear detonations of February arid April 1960, (d) 
stratospheric residence time of SrgO, and (e) stratospheric 
fallout of ~e144. 

Nuclear Fission in the Early History of the Earth 

It has been pointed out by Kuroda(1) , in 1958, that the SrgO is 
produced in nature by the spontaneous fission of uranium and thorium 
and that the total amount of SrgO produced by the spontaneous fission 
of U238 alone in the ear h's crust is comparable to the amount of 
artificially produced Sr'O in the stratosphere. 

After the mass spectrum of meteoritic xenon became known in 1960(2), 
Kuroda(3) pointed out that the differences between meteoritic and 
terrestrial xenon s emed t ndicate a excess of the heavy isotopes 
of xenon (XeI3', Xef32, Xeq3' and XeI3$ in the earth's atmosphere, 
and reported that the difference is much greater than that expected 
from the U238 spontaneous fission alone, but can be-explained as due 
to the spontaneous fission of some of 'the extinct transuranium 

*On leave from the Department of Chemistry, Arkansas State College, 
State College, Arkansas, during the summers of 1960 and 1961. 
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elements and/or the induced fission of U235 in the early history 
of the earth It has been suggested that spontaneous fission of 

Xe131-136 in the earth's atmosphere. 
extinct Pu244 (7.6 x 10 7 years) might have produced the excess 

Kuroda(4) attempted to calculate the time interval between the 
cessation of the nucleosynthesis and formation of the earth, assuming 
that the extinct Pu244 was mainly responsible for the production of 
excess xenoq isotopes in the earth's atmosphere and obtained a value 
of 5.2 x 10 years for the time interval. 

.-- 

Kuroda(5) has recently revised the calculation, and showed that the 

and formation of the earth based on the Pu244 model to be most likely 
approximately 10 years. 

-calculated time interval between the cessation of nucleosynthesis 

8 

Another important source of contribution to the atmospheric inventory 
of xenon is the neutron-induced fission of U235 in nature. 
of reports have been published on this subject (6)(7)(8), but the 
exact contribution from this source can not be evaluated at the 
present time. 

According to Kuroda(3), at least 10% of the total amount of Xe136 
in the earth's atmosphere is "fissiogenic". It is interesting to 
note that the contribution from the recent artificial nuclear 
explosions is estimated to be less than only of the contri- 
butions from the natural fission processes. 

A number 

Spring Peak of SrgO Fallout 

To explain the vertical distributions of water vapor and ozone in 
the atmosphere, Brewer(9), in 1949, and Dobson(lO), in 1956, proposed 
a model of global movement of the air masses. 
model, there is a cold pool of air in the stratosphere over the 
winter pole during the late winter months, and it carries ozone-rich 
air to the lower levels in early spring. It was further suggested 
by Dobson that, if there is stlch a slow sinking of air in the middle 
latitudes from the stratosphere to the troposphere, it must be 
balanced elsewhere by a reserve current from the troposphere to the 
stratosphere. This upward flow of air is expected to occur in 
tropical regions. 

According to this 

Experimental results obtained in this laboratory seemed to support 
the Brewer-Dobson model of global circulation of air masses quite 
well. A pronounced peak of fallout rate occurred at Fayetteville, 
Arkansas, during the spring months of 1959(11). We concluded that 
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the spring peak was primarily due to an increase in the rate of 
material transfer from the stratosphere to the troposphere, caused 
by the sinking of every cold air masses which formed above the 
winter pole during the late winter months, and we predicted, in 
1959, that there would be another peak in the SrgO fallout rate 
during the spring months of 1960, regardless of whether or not there 
was a thermonuclear bomb explosion during the fall months of 1959. 

The 1960 spring peak, clearly shown in Fig. 2 ,  demonstrated that 
the seasonal and global movements of stratospheric air masses, such 
as described by Brewer and Dobson, an extremely important role 
in causing the spring peaks of the s"$ fallout. 

Our data seem to be explained quite well by the assumption that 
whereas the transfer from the stratosphere occurred at a maximum 
rate in the spring months and at a minimum rate in the fall months, 
the overall rate of the SrgO transfer from the stratosphere during 
the period 1959- 1960 was roughly equivalent to an "apparent" 
stratospheric mean storage time of approximately 1 year or even less. 

Fallout from Nuclear Detonations of February and April 1960 

A sharp increase in the Sr89/Srg0 ratio in rain was observed at 
Fayetteville, Arkansas, after the French nuclear detonations of 
February and April 1960, as shown in Fig. l(12). 

We have interpreted the strontium isotope ratio data and concluded 
that (a) the SrgO inventory of the Northern Hemisphere has increased 
due to the French nuclear explosions by approximately 0.1 to 0.2% 
and (b) this is due to the fact that there is an upward flow of 
air in the tropical region and hence a material transfer from the 
troposphere to the stratosphere is expected to occur, according 
to the global circulation model of air masses, proposed by Brewer(9) 
and by Dobson( 10). 

It has been generally accepted that relatively low yield nuclear 
bombs such as those detonated at*Reggan in the Sahara Desert on 
February 13 and on April 1, 1960, inject their debris solely into 
the troposphere, whereas debris from high yield thermonuclear 
bombs enter the stratosphere and cause the worldwide stratospheric 
fallout. 

Although the French nuclear detonations caused seeningly small 
transient increases in fallout and the fresh debris most likely 
added no more than a few tenths percent to the total worldwide 
fallout of long-lived fission products, the radionuclide injection 
into the atmosphere by the French nuclear detonations was of unique 
scientific interest in that the nuclear explosions occurred in the 
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tropical region after a longer nuclear test suspension period. 

90 Stratospheric Residence Time of Sr 

Widely different values have been reported in the past for the 
stratospheric residence time of SrgO. Libby (13) first pointed 
out the long hold-up of SrgO in the stratosphere and estimated the 
mean stratospheric residence time to be 5 to 10 years. Machta and 
List (14) estimated the mean removal rate to be about 20% per year, 
but later pointed out the possibility that the actual rate might be 
much greater. 

Kulp -- et al. (15) proposed a value of 3 years for the residence time, 
and Storebb (16) reported that the residence time in the stratosphere 
should not be much more than 1 year, while Feely (17), in 1960, 
estimated the residence half-time to be less than 1 year, equivalent 
to a mean residence time of less than 18 months. 

A number of investigators (18)(19), on the other hand, have recently 
pointed out that the concept of a well-mixed stratosphere and a mean 
stratospheric residence time appear largely inapplicable to the 
interpretation of stratospheric fallout. Martell and Drevinsky 
(18)(19) proposed three str,atospheric residence times instead of one: 
(a) a few months or more for Soviet test debris in t:he polar stra- 
tosphere; (b) 1 to 3 years for debris in the lower equatorial 
stratosphere; (c) 5 to 10 years for the debris at higher levels near 
the equator. Libby (20 has also expressed a similar view). 

A l l  these estimates were made on the basis of the experimental data 
obkained during the period when the nuclear test explosions were 
frequently conducted at various localities of the world. The magni- 
tude and the types of weapons exploded were usually unannounced, and 
a certain amount of uess work was involved in the calculations as 
to the amounts of Sr" injected by these bombs at different times. 

We have attempted to calculate the stratospheric mean residence time 
- from the SrgO concentration data in rain obtained in this laboratory 
during the nearly three year test "suspension" period. 

Monthly average SrgOconcentrations in rain (E) were calculated from 
the equation, 

- 
C =  F/ P . . . . . . . . . . . .(I) 

I 2 where F is the total amount of SrgO (in ppc/m ') transported by rain 



TABLE 1 

Monthly Average Srg3 Concentrations in Rain at Fayetteville, Arkansas 
( clcr c /1) 

_- ~- 

Month 

November 1958 

De ce mher 1958 

J,muary 1959 

February 1959 

March 1959 

A p r i l  1959 

play 1959 

June 1959 

July 1959 

August 1959 

September 1959 

October 1959 

November 1959 

December 19.59 

January 1960 

February 1960 

March 1960 

-~ 
- 
C 

2 090 

6.97 

u.4 

10.7 

13.8 

24.1 

18.7 

5.63 

4.82 

2.02 

0.80 

3.35 

0.3 

2 e 3 6  

1.04 

3.79 

2.98 

Month 

Apri l  1960 

Play 1960 

June 1960 

July 1960 

August 1960 

September 1960 

October 1960 

fu’ovenbe r 19 60 

December 1960 

Januaqj 1961 

February 1961 

Narch 1961 

April  1961 

May 1961 

June 1961 

July 1961 

August 1961 

0.30 

0.44 

1 143 

2 011 

2, IS4 

3.51 

1.86 

1 . 73. 
Oe86 

0.65 
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during a period of a month andZ R is the total rainfall (in rmn) 
during the same period. The values of C are shown in Table 1. 

90 The data show that there is a marked seasonal variation of the Sr 
concentration in rain which follows a cyclic pattern with a maximum 
in the spring and a minimum in the fall. 

The values of monthly average concentration of SrgO in rain are not 
too accurate since the amounts and frequencies of rainfalls vary 
from month to month. For example, the value of C for the month of 
November 1959 is based on the measurement of a single rainfall. An 
exceptionally dry month may often be followed by an unusually wet 
month. For this reason, it has been decided to calculate the bi- 
monthly average concentrations by simple taking the arithemtic 
average of the values of E for two consecutive months. 
The values of bi-monthly-average SrgO concentrations for the first 
Year (c1) 

These values are plotted in Fig. 2. Values observed by Kuroda (1) 
in 1958 at Lemont, Illinois, are shown for comparison. 

The percentage increase of the stratospheric SrgO inventory in the 
Northern Hemisphere due to the French nuclear detonations of 
February and April 1960 was calculated to be approximately 0.1 to 
0.2 % (12). Thuf, we may neglect the contributions from a number 
of small French nuclear detonations, which occurred during the 
nuclear test "suspension" period, in the following calculation. 

second Year (c2) and third year(E3) are shown in Table 2. 

Contributions from the tropospheric fallout of the French t e s t s  and 
the fall 1958 Soviet tests appear to have been less than a few per- 
cent and hence should not affect the following calculation 
cons i der ab 1 y . 
Let us now compare the by-monthly SrgO concentration during a two- 
month period with that during the same two-month period of the 
following year. 

The average SrgO concentrations in rain will certainly depend upon 
various factors, such as the types, total amounts and frequencies 
of rainfalls. However, let us by way of experiment write that 

- - 
CH1/ cn = SWl/S, . . . . . . . . . . . . . . ( 2 ) ,  
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TABLE 2 

B i  -Monthly Average SrgO Concentrations i n  Rain at Fayetteville, Arkansas 
( CIPC/l) 

Period Period Period 

November and 
December 1958 

January and 
February 1959 

March and 
April 1959 

May and 
June 1959 

July and 
August 1959 

September and 
Octgber 1959 

' November and November and 
4 095 December 1959 1-33 December 1960 0.37 

January and January and 
11.1 February 1960 2.42 February 1961 1-77 

March and March and 
19 .o April 1960 3.11 April 1961 2.98 

May and Way and 
12.2 June 1960 2.64 June 1961 1.79 

3.42 August 1960 0.94 August. 1961 0 075 

i 

July and July and 

September and 
2.08 October 1960 0.58 





where Sn is the SrgO inventory in the stratosphere during a two- 
month period in the nth year, SHl is that in the corresponding 
period in the (rttl) th year, and n=l or 2. 

The value of S 
because SrgO i p h e  stratosphere will be removed by the fallout and 
by the radioactive decay. Hence, we may write that 

will ordinarily be smaller than the value of Sn, 

, 

= S  . e  
srptl n . . . . . . . . . .  (3) 

whereh is the decay constant of SrgO and a is a value which 
depends upon the annual average rate of stratospheric fallout. 

It has to be noted that nothing has been said here about whether or 
not the stratosphere contains radioactivity which is uniformly mixed. 
In other words, we are by no means trying to give here what might 
ordinarily be described as an explanation for the mechanism of 
radioactive fallout. 

The value of a may or may not be a constant depending upon the 
mechanism of radio tive fallout and also the "homogeneity" of the 
distribution of Sr" in the stratosphere. It is entirely possible 
that even a negative value of a might be obtained if the strato- 
sphere is not well mixed, 
values of a from the values of C1, c2 and C 

From equations (2) and ( 3 ) ,  we have 

Our next - step is then to calculate the 
3' 

- - - (Z +A 90) 
C w 1  = Cn . e . . . . . . . .  (4). 

The values of < are calculated from the data given in Table 2 and 
are shown in Table 3. 

It is interesting to note that the value of a remained fairly con- 
stant for almost two years, and then a sudden change to a new set of 
values took place after January 1961. The constancy of the value of 
a was as good as could be expected, however, during the first two- 
year period considering the many uncertainties involved in the 
treatment of the experimental data. For this reason, we have 
recently proposed (21) to define (l/z ) as the mean residence time 
and ln(2/a) as the residence half-time of SrgO in the stratosphere. 
A value of 0.7 f 0.1 years was obtained from the data available at 
that time for the mean residence time of SrgO. 
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TABLE 3 

Mean Residence Time and Residence Half-time of Srw in the Stratosphere 
(years 1 

- -  ~ 

Mean residence Residence 
half-time - Period a tine, 1& - 

November and 
De ce mber 195 84959 1.28 

J u l y  and 
August 1959-1960 

1.49 0.46 

September and 
0 c tober 19 59-19 50 1025 0080 oe55 

0.53 
November and 
December 1959-1960 1.30 04,74 

January and 

N a r c h  and 

February 1960-1961 0.29 - 34A 2*b 

April 1960-1961 I oao2 #w 50 -35 

O e 3 7  2*5 1.9 

3.2 
July and 
August v60-1961 022 406 
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Excluding the  March-April 1960-1961 va lue  f o r  l/i, we now have an 
z.i!ditional se t  of va lues  roughly corresponding t o  3.6 + 
which is q u i t e  i n  l i n e  wi th  t h e  va lues  o f t e n  mentioned-by e a r l y  
i n v e s t i g a t o r s .  

0.9 y e a r s ,  

Perhaps a few words may hhve t o  be added he re  concerning t h e  anan- 
a l o u s  va lue  from t h e  March and A p r i l  1960-1961 da ta .  We no te  i n  
Table  3 t h a t  t h e  va lue  of 11: c a l c u l a t e d  from t h e  March and A p r i l  
1959-1960 d a t a  i s  a l s o  somewhat ou t  of l i n e  and d e f i n i t e l y  lower 
than  t h e  average va lue  of 11: f o r  t he  f i r s t  two-year per iod .  

Suppose t h e  va lue  of c = 3.11 ppc/l f o r  March and A p r i l  1960 w a s  
t o o  low f o r  some reason. I f  i t  should have been 4 Vpcl l ,  i n s t e a d ,  
t hen  w e  have the fo l lowing  new va lues  which can be b e a u t i f u l l y  
inco rpora t ed  i n  Table 3 as s u b s t i t u t e s .  

- 
a 1 /a ( year) - 

March and A p r i l  
1959- 1960 1.53 0.65 

March and A p r i l  
1960- 1961 0.27 3.7 

- 
Such a n  e r r o r  i n  o b t a i n i n g  t h e  va lue  of C can ar ise  from va r ious  
sources .  
are now r e p e a t i n g  t h e  measurements of S r g O  i n  some of t h e  March and 
A p r i l  1960 and 1961 r a i n  samples. It i s  i n t e r e s t i n g  t o  c a l c u l a t e  
a n  "ove ra l l  apparent" mean r e s idence  t i m e  during t h e  nuc lea r  tes t  
suspension pe r iod  by simply cons ide r ing  t h e  r a t i o  CW2 and Cn 

To make s u r e  that  i t  i s  n o t  due t o  a n a l y t i c a l  e r r o r s ,  w e  

i . e . ,  
3 

-(a + A 90) (n +- 2-n) - - 
= , C  . e . . . . (5). 

'rrt.2 n - - 
The va lues  of a 
Table  4 .  

The constancy of t h e  va lues  of a thus  obta ined  is aga in  as good 
as could  be expected. A va lue  of 1.1 + 0 .3  yea r s  i s  thus obta ined  
f o r  t h e  o v e r - a l l  apparent  mean r e s idence  t i m e .  
t o  t h e  estimates made earlier by Kuroda, Hodges and Moore (12) ,  
Storobd (16) and Fee ly  (17). 

are c a l c u l a t e d  from Cl and Cg, and are shown i n  

- 

This  va lue  i s  s imilar  

. 
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TABLE 4 

Over-all Apparent Mean Residence Time and Res:Ldence Half - t i m e  of Srw 
i n  the Stratosphere during the Nuclear Test Suspension Period 1958-1961 

(years) 

Mean residence Residence 
half-time 

- Period a time, 

- 
November and 
December 1958-1960 1.27 0.79 0.55 

January and 
February 1959-1961 

March and 
A p r i l  1959-1961 

May and 
June 1959-1961 

July and 
AU~US t 1959 -1961 

0.89 

0 *93 

0.73 

1.12 

1.11 

1.08 

1.37 

0.78 

0.77 

0 *75 

0 *95 
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144 Stratospheric Fallout of Ce / 

In connection with the observations on the SrgO spring pftp, it was 
felt worthwhile to investigate the fallout pattern of Ce in SOT% 
detail and we have recently undertaken the measurements of the Ce 
concentrations in individual samples of rain. 

A new radiochemical procedure for cerium, which has recently been 
developed in this laboratory (22), was used for the determination of 
Ce144 in rain water. The new method depends entirely on the 
oxidation-reduction and liquid-liquid extraction cycle, ahd was 
.originally intended for the fissJon producp from the U238 spon- 
taneous fission. Val es of 7.0 - 1.4% were secured by this method 
for the yields of CelX3 and C e 1 u  , respectively, in good agreement 
with the values obtained by Russell for the yields of Pr143 and Ce14 
from the spontaneous fission of U238 (23). 

Yields of cerium and strontium isotopes from fast neutron-induced 
fission of uranium were determi$$$ by irradiatin a sample of de- 
pleted uranium oxide (99.989% U and 0.011% U2'5) with 14.5 + 0 . 4  
Mev neutrons produced by the T(d,n) He4 reactions in the Univeysity 
of Arkansas 400 KV Cockcroft-Walton positive 
and the following results were obtained: Ce14', 5.2 + 0.4%; SrgO, 
3.4 + 0.39,. 
fissTon yields for fast neutron-induced fission of U238 reported by 
Katcoff (26) ; Ce144, 4.9%; SrgO, 3.2%. 

Although our value for the Ce144 yield is considerably higher than 
the value of 2.68 + 0.16% reported by Cuninghame (27), and hence 
the experiments may have to be re ated it is of some interest to 
use our data to calculate the Ce le2/Srg6 production ratio in the 
instantaneous fission of U238 caused by fast neutrons; 

on accelerator (24)(25) 

These results are in agreement with the-values of 

- 5.2 
3.4 285 

x 28 x 365 = 54.8 (dpm/dpm) 

The monthly average Ce144 concentrations in rain were computed from 
the formula 

2 where Z: F is the total amount of Ce144 (in vpc/m ) transported by 
rain during a one-month period a n d 2  R is the total rainfall (in mm) 
during the same period. 

-The existence of a pronounced spring peak in the Ce144 fallout rate 
is obvious in Fib. 3. Considering the decay of Ce144 the 1961 
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Figure 3. Seasonal Variation of the CelU Concentration in 
Rain at Feyetteville, Ar:kansas 
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spring peak was j u s t  as high as the 1960 peak. 
the depletion of the CeLLt4 inventory by the fa l lou t  did not take 
place. 
have been entering the lower s t ra tosph re during t h i s  period a t  a 
rate similar t o  tha t  of removal of CelZ4 by the fa l lou t  process. 

Thus, i t  looks as i f  

A possible explanation for t h i s  may be tha t  new debris may 

of 

1. 

2.  

3. 

4. 

5. 

6. 

7. 

Fig. 4 shows the seasonal var ia t ion  of the average monthly Ce144/Sr90 
r a t i o  follows a cyc l ic  pat tern with a minimum i n  the spring and a 
maximum i n  the f a l l .  
s t ra tospheric  a i r  masses; one containing Ce144 -r ich and the other 
Ce144-de le ted  debris. 

EPZ)l-depleted debris a t  a very high a l t i tude .  As a cold a i r  mass 
produced i n  the high stratosphere i n  the ear ly  spring slowly descends 
t o  l o w e r  levels  t o  cause the spring peak of fa l lou t ,  the Ce144-de- 
pleted debris may show up i n  the lower stratosphere since the bulk 
of debris from the f a l l  1958 Soviet test  s e r i e s  must have been 
largely removed from the lower stratosphere during the latter half  

It thus appears as i f  we are dealing with two 

The cause of the spring minimum of the 
Ce144/Sr 8 r a t i o  may be explained according t o  the Brewer-Dobson 

(9)(10), a t  least qua l i ta t ive ly ,  as due to  the presence of 

the nuclear test suspension period. 

L 
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CESIUM137 LEVELS IN UNITED STATES POWDERED MILK 
AND IN THE POPULATION* 

** *** 
E.C. Anderson, G.M. Ward, J.Z. Holland, and W.H. Langham 

Los Alam& S c i e n t i f i c  Laboratory 
Univers i ty  of  C a l i f o r n i a  
Los Alamos, New Mexico 

- 

In t roduct ion  

Cs137 is a long-lived r a d i  c l i d  ormed i n  about 69. abudance i n  
f a s t  neutron f i s s i o n  of u '" , Ug3' , and U 238 (1) It probably 
is secondary only t o  Srgg as a p o t e n t i a l l y  hazardous material i n  
world-wide f a l l o u t  from nuclear  weapon tests. I n  event of nuclear  
w a r ,  l o c a l  and t ropospheric  f a l l o u t  of r e l a t i v e l y  short-and i n t e r -  
mediate-l ived radionucl ides  (e.g. , II3') may be l i m i t i n g  pr imar i ly  
over e i t h e r  Sr9' o r  C S ' ~ ~ .  
affords a long i n t e g r a t i o n  t i m e  i n  the soil, and i t s  chemical simi- 
l a r i t y  t o  K (a requi red  cons t i t uen t  of  p l a n t s  and animals) r e s u l t s  in 
r ap id  e n t r y  i n t o  the  biosphere.  Since i t  eniits both b e t a  and gamma 
rays ,  i t  is p o t e n t i a l l y  both an i n t e r n a l  and an ex te rna l  r a d i a t i o n  
source.  I ts  concent ra t ion  i n  muscle r e s u l t s  i n  r a d i a t i o n  t o  the 
gonads, and i t s  cumulation i n  the  s o i l l n c r e a s  the  genera l  radia-  
t i o n  background level. The accumulation of  CseJ7 on t h e  e a r t h ' s  
su r f ace  and i n  man, t he re fo re ,  r e s u l t s . i n  both a p o t e n t i a l  somatic 
and a genet ic  hazar  t o  t h e  genera l  population. Since 1956, the  Los 
Alamos Sc t i - f i c  L ora to ry  (LASL) has 'made per iodic  measurements 
of the  C S " ~  l e v e l s  i n  t he  United S t a t e s  populat ion and i n  area Sam- 

*Work performed under 'the auspices  of the  U.S. Atomic Energy 
C omini s si on. 
**On leave from the  Animal Science Department, Colorado S t a t e  
Univers i ty ,  Fo r t  Col l ins .  
*** P a y z l e n t  address 
U.S. Atomic Energy Commission, Washington, D.C. 

The long r ad io log ica l  h a l f - l i f e  of Cs137 
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p l ings  of the  powdered milk supply. 
(2-7) and occasional  prel iminary i n t e r p r e t i v e  a r t i c l e s  (8-20) have 
been published from t i m e  tr ,  t i m e .  
summary of t he  p ro jec t .  
t inued  as of the  time of resumption of nuclear  weapon tests by 
U.S.S.R. on September 1, 1961, because r e - in j ec t ion  of f r e s h  Cs 
w i l l  obscure the  long-term t rends  of Cs137 i n  the  cycle  from pro- 
duct ion t o  foods and t o  man, which were of p r inc ipa l  i n t e r e s t .  A few 
measurements of  people from the  New Mexico a r e a  w i l l  continue t o  be 
made t o  determine rate and e x t e n t  of  increase  of Cs137 body levels as 
a r e s u l t  of recent  U.S.S.R. tests. 

Reports of the  primary da ta  

The present  r epor t  i s  a f i n a l  
The milk measurements have been discon- 

€99 

Methods 

Sampling of United S t a t e s  Powdered Milk. Beginning i n  1956, 50- t o  
100-lb. samples of powdered milk from major production areas i n  the  
U . S .  w e r e  c o l l e c t e d  a weekly i n t e f l a l s  and assayed for and 

sampling si tes t o t a l e d  5 5 ,  covering a l l  mador powdered milk pro- 
ducing areas of t he  U.S. and Canada. Since samples were obtained 
through normal channels from commercial milk-drying p l a n t s  (which 
u t i l i z e  only surp lus  milk) ,  i t  was  not  poss ib le  t o  obta in  samples 
from some States  i n  which milk production does not  exceed l o c a l  
requirements. Thus, t he  mountain and high p l a ins  areas (Nevada, 
Montana, Wyoming, Colorado, Nebraska, and Kansas) were not repre-  
sen ted ,  and sampling po in t s  were few and i n t e r m i t t e n t  i n  the  Southeast .  
On J u l y  1, 1960, t he  sampling network w a s  c u r t a i l e d  by dropping the  
Canadian s t a t i o n s  and c u t t i n g  back the  U.S. sampling t o  the  16 most 
widely d i s t r i b u t e d  and dependable s t a t i o n s .  In the  f a l l  and winter  
of 1960-1961, each of t he  16 p l a n t s  r e t a ined  i n  the  sampling network 
was v i s i t e d  t o  ob ta in  d e t a i l e d  information on f a c t o r s  t h a t  may have 
bear ing on Cs137 levels of milk produced i n  these  s p e c i f i c  areas. 
Dairying p r a c t i c e s  were evaluated with p a r t i c u l a r  a t t e n t i o n  t o  num- 
ber  of  cows, s i z e  of  production a rea ,  production l e v e l ,  length of 
pas ture  season, type of pas ture ,  type of hay, and amount of s i l a g e  
fed. 
r a i n f a l l  p a t t e r n s  and milkshed uniformity.  
from discussions with p l an t  managers and fieldmen, county a g r i c u l t u r e  
agents ,  State un ive r s i ty  s t a f f ,  and from some farm v i s i t s .  I n  
add i t ion  t o  d e t a i l e d  information f o r  t he  16 se l ec t ed  loca t ions ,  gene- 
ral  information was gathered f o r  a l l  areas t h a t  had suppl ied milk t o  
the  network. Some l oca t ions  were v i s i t e d  and, f o r  o the r s ,  informa- 
t i o n  w a s  gathered by correspondence o r  d i scuss ion  with knowledgeable 
people. 

na tura l ly-occurr ing  K Z O  . During 1958-1959, t he  number of weekly 

S o i l  types and s o i l  a c i d i t y  were a l s o  inves t iga t ed  as w e l l  as 
Information was gathered 

Sampling of the United S t a t e s  Populat ion,  
U.S.  populat ion were drawn from v is i tors  t o  the  Los Alamos S c i e n t i f i c  

Samplings of the  genera l  
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Figure 10. Normal frequency distribution plot of Cs137 levels in adult United States residents. 
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Figure 11. Ing-normal frequency distribution plot of ($37 levels i n  United States residents. 
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Figure 12. Relationship between quarter1 average fallout rate and 
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TABLE 7 .  RELATIVE CONTRIBUTION OF MILK TO YEARLY AVERAGE CESIUM LNELS 
IN PEOPLE AND THE AVERAGE CONCENTRATION OF CESIUM 137 IN THE BALANCE 
OF THE DIET 

Milk Concentration Calc. Conc. in Contribution 
Concentration in People Rest of Diet* Milk to Body Cs 

Year ( p / g  K) ( w i g  K) (pc/g K) (per cent) 

1956 

1957 

1958 

1959 

1960 

1061 

4'1.0 

43.7 

53'. 0 

57. I 

30.6 

b 16.0 

56.0 27.6 43.8 

54.6 24.4 54.4 

68.7 

82.2 

32. I 

42.5 

52.4 

47.2 

71.5 49.7 29. 3 

47.9 36.3 . 22.8 

Average 40.2 63.5 35.4 42.6 

* 
Concentration in milk x 1.7 x 0.4 = milk contribution to people. Concen- 
tration in people minus milk contribution = contribution of balance of 
diet. Contribution by balance of diet ; 1.7 x 0.6 = concentration in 
baiance of diet. 
** Milk contribution x 100 + concentration in people = per cent contribu- 
tion by milk. 


